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ABSTRACT 

Steel  from  22  heats  of  low-carbon  Ni-Cr-Mo  steel,  HY-80  (ASTM  AS43-6S,  and 
MIL'S-!  62 16G  (Ships))  was  heat  treated  to  study  the  effects  on  the  drop  weight  nil 
ductility  transition  (NDT)  temperature  of  (1)  commercial  variation  in  composition 
and  inclusion  content,  (2)  variation  in  microstructure  such  as  prior  austenitic  grain  size 
and  the  relative  aniouni  of  isothermally  produced  ferrite  or  bainite  in  a  tempered  marten¬ 
sitic  matrix,  and  (3)  the  observed  variation  in  strength  obtained  after  a  one-hour  1 150  F 
temper  followed  by  a  water  quench  to  prevent  embrittlement  while  cooling  from  the 
tempering  temperature.  :  > 

Using  a  tempered  100  percent  martensitic  microstructure  as  a  base  line,  th6  vari¬ 
ables  found  to  be  most  significant  were  linearly  related  to  the  measured  Nil  Ductility 
Transition  (NDT)  temperature.  The  range  of  the  variable  and  its  effect  on  the  NDT 
temperature  are  as  follows: 


Variable 

Range 

Effect  on  NDT 

Producer 

(Coded  1  Or  2) 

• 

-21.9  F 

Prior  Austenitic 
Grain  Size 

(3  to  9.5) 

-19.2  F/ASTM 
G.  S.  No. 

Percent  Bainite 

(0  to  76  percent) 

0.62  F/Percent 
Bainite 

Percent  Ferrite 

_ 

(0  to  69  percent) 

-  0.23  F/Perccnt 
Ferrite 

Percent  Pcarlitc 

(0  to  32  percent) 

5.4  F/Perccnt 
Pearlitc 

Tensile  Yield 
Strength 

(61.5  to  124.7 
ksi) 

0.68  F/ksi 

Higher  order  terms  and  interaction  terms  did  not  significantly  improve  the  relationship, 
nor  did  consideration  of  inclusion  content  of  the  steel.  Other  than  hydrogen,  no  alloy¬ 
ing  or  trace  elements  were  found  to  correlate  with  the  measured  NDT  temperature  of 
this  steel. 

ADMINISTRATIVE  INFORMATION 

This  work  was  performed  under  the  sponsorship  of  the  Naval  Ship  Systems  Command  (NAVS1HPS) . 
as  part  of  Research  or.d  Development  Project  SF  35.422.21 2  Program  Element  625 12N. 
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INTRODUCTION 


At  present  there  is  a  gap  in  the  body  cf  general  metallurgical  knowledge  concerning  the  mechanisms  that 
control  the  notch  toughness,  as  measured  by  the  drop  weight  nil  ductility  transition  (NDT)*  temperature  of  the 
low  carbon,  medium  alloy,  and  quencncd  and  tempered  steels.  Most  prior  studies  have  been  limited  tc  the  pro¬ 
cess  of  characterizing  spt  'ific  classes  of  commercial  steels  by  their  expected  NDT  temperature  frequency  distri¬ 
bution  range.  No  previous  studies  have  been  made  of  the  interaction  of  chemical  composition,  mechanical  prop- 
crtics  and  microstructurr  with  the  NDT  temperature  of  any  steel.  ■ 

Studies  of  the  notch  toughness  of  higher  alloy  steels,  such  as  those  recently  performed  by  U.  S.  Steel,  have 
concerned  themselves  with  the  fracture  mediates  or  critical  flaw  size  approach  that  is  more  appropriate  for  such 
higher  strength,  low  toughness  materials.  lYevious  studies  of  the  higher  toughness  steels,  however,  have  always 
concerned  themselves  with  the  effect  of  variation  in  a  single  alloying  element  and  usually  only  with  its  effect  on 
strength  or  on  some  Charpy  impact  property.  In  addition,  these  previous  studies  have  been  concerned  only  with 
the  effects  on  a  normalized  steel  or  on  an  oil  quenched  alloy  steel  of  undetermined  microstructure. 

The  normalized  structural  steels  arc  gradually  being  replaced  in  critical,  high  toughness,  low  transition 
temperature  applications  by  the  medium  alloy  steels  such  as  HY-80  and  HY-100.  Therefore,  it  is  important  that 
the  mechanisms  controlling  the  interaction  of  composition,  mechanical  properties,  and  microstructure  with  NDT 
temperature  be  determined.  This  is  so,  particularly  since  the  NDT  temperature  is  one  of  the  most  important 
criteria  for  the  selection  of  a  steel  for  structural  application  under  severe  service  conditions. 

There  has  long  been  an  interest  in  the  structural  use  of  high  toughness,  low  transition  temperature  steels, 
and  more  recently  with  the  higher  strength,  quenched  and  tempered  steels  such  as  the  ASTM  A543-65  (Class  1 
and  Class  II),  M1L-S-1 621 6G,  HY-80,  HY-100,  and  HY-1 30;  these  steels  are  currently  being  used  for  the  shells  of 
pressure  vessels  and  hulls  of  oceanographic  vehicles.  The  steel  used  in  this  study  is  a  quenched  and  tempered 
medium  alloy  steel  having  an  85,000  psi  yield  strength  and  the  following  nominal  percent  composition:  0.1 6  C, 
0.36  Mn,  0.0!  5  0.015  S,  0.25  Si.  2.75  Ni,  1.50Cr  and  0.35  Mo.  Thissiccl  is  commonly  classed  as  a  low  carbon 

nickcl-chiomc-molybdcnum  alloy  steel. 


LITERATURE  SURVEY 

The  impact  transition  temperature  is  some  arbitrary  point  in  the  temperature  range  over  which  tire  fracture 
characteristics  of  a  metal  with  a  hody  centered  cubic  lattice,  and  sometimes  with  a  hexagonal  close  packed  lattice, 
exhibit  a  marked  loss  in  ductility.  This  change  is  evidenced  by  (1)  a  large  drop  in  the  c,?rgy  required  to  produce 
fracture.  (2)  a  marked  change  in  the  fracture  surface  appearance  from  a  dull,  fibrous-looking  transcrystnllinc  shear 
fracture  associated  with  high  energy  absorption  to  a  bright,  faceted  cleavage  or  intercrystallinc  fracture  associated 
with  low  energy  absorption,  and  (3)  a  decrease  in  the  amount  ol  lateral  contiaction  at  the  bottom  of  the  notch 
used  to  initiate  the  crack,  or  a  decrease  <r.  rite  amount  of  lateral  expansion  at  the  "hinge"  point  of  the  impact 
specimen  opposite  the  notch.  Tire  temperature  range  over  which  this  transition  from  ductile  to  brittle  V'chavior 
occurs  is  sensitive  to  test  conditions  such  as  strain  rate,  notch  nccuity,  and  residual  or  applied  stress  levels,  as 
well  as  the  toughness  of  the  material  at  the  time  of  testing;  as  a  result  the  transition  range  is  usually  determined 
hy  using  a  standardized  impact  specimen  and  lest  method  to  test  the  material  at  a  series  of  temperatures. 


•The  NlJ’T  is  the  temperature  of  initial  transition  from  plane  strain  to  mixed-mode  fracture  and  represents  the  tempera- 
lore  at  which  very  small  Haw  sizes  suffice  for  dynamic  fracture  initiation.  The  NDT  temperature  is  generally  not  Indexable  to 
the  sharply  fatting  Otarpy  energy  curve. 
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flic*  transition  temperature”  then  is  defined  as  that  temperature  in  the  transition  range  at  which  some  specific 
condition  occurs  such  as:  , 

1.  The  fracture  appearance  transition  temperature,  FATT,  is  the  temperature  at  which  the  specimen  is 
50  or  100  percent  fibrous  and  is  called  the  50  percent  FATT  or  the  100  percent  FATT,  respectively. 

2.  The  fracture  temperature  is  the  temperature  at  which  the  Charpy  V-notch  (Cy)  impact  specimen 
absorbs  some  specific  amount  of  energy.  A  common  energy  value  used  to  characterize  mild  steel  ship  plate  is 
15  ft-lb;  this  criterion  would  be  referred  to  as  the  Charpy  V-notch  1 5  ft-lb  transition  temperature. 

3.  The  temperature  at  which  the  drop  weight  impact  test  specimen  exhibits  no  ductility  is  the  NDT 
temperature,  and  is  the  temperature  of  initial  transition  from  plane  strain  to  mixed-mode  fracture.  The  NDT 
temperature  represents  the  temperature  at  which  very  small  flaw  sizes  suffice  for  dynamic  fracture  initiation. 
The  drop  weight  NDT  temperature  is  not  generally  indexable  to  some  specific  point  on  the  sharply  falling 
Charpy  energy  curve. 

An  extensive  body  of  literature  exists  on  the  effects  of  microstructurc,  composition,  and  strength  on  the 
impact  transition  temperature.  The  data  arc  mainly  concerned  with  the  effects  of  alloy  additions  to  plain 
carbon  steels,  or  alloy  steels  having  0.30  percent  or  more  carbon,  whose  microstructures  arc  frequently  not 
specified  other  than  as  resulting  from  a  normalizing  treatment,  and  these  data  often  ignore  the  austenitic  grain 
size  of  the  steel  prior  to  cooling.  These  studies  are  seldom  based  on  the  drop  weight  nil  ductility  transition 
temperature. 

GRAIN  SIZE  EFFECT 

Changes  in  grain  size  have  been  reported  to  have  a  detrimental  effect  on  the  ductile  to  brittle  fracture 
transition  temperature  of  steels.1  ~32  Some  authors  report  the  effect  of  change  in  the  average  grain  diameter, 
other:  in  terms  of  the  change  in  ASTM  micrograin  size.  Some  authors  report  grain  size  5ri  terms  of:  (1)  ferritic 
grain  size  as  measured  on  a  polished  and  etched  section;  (2)  prior  austenitic  grain  size,  measured  using  the 
McQuairi-lihn  lest  method;  (3)  prior  austenitic  grain  size  as  measured  using  an  ctheral  picric  acid  etch  to  outline 
the  prior  an-  tenitlc  grain  boundaries  on  a  polished  spccimen;and  (4)  fracture  grain  size  as  determined  by  com¬ 
paring  a  specimen  broken  at  low  temperature  and  exhibiting  a  crystalline  fracture  appearance  to  the  fracture 
grain  size  r.  a  set  of  specially  prepared  specimens  used  as  a  standard. 

The  various  methods  of  reporting  grain  size  arc  not  independent.  The  ASTM  micrograin  size  is  related  to 
the  average  grain  diameter  as  follows: 

1 .  The  ferritic  grain  size  is  highly  dependent  upon  the  prior  austenitic  grain  sicc  and  to  a  lesser  degree 
upon  other  factors2,4-7,  2R’  -10,  such  as; 

a.  Cooling  rate  from  the  austenitizing  temperature.  The  slower  the  cooling  rate  the  coarser 
the  resultant  ferrite  due  to  fewer  nucleation  sites  and  more  time  for  these  sites  to  grow. 

b.  Temperature  at  which  transformation  from  austenite  to  ferrite,  or  some  other  product, 
takes  place,  The  higher  tire  temperature  the  fewer  nucleation  sites  and  therefore  larger  grains. 

c.  The  amount  of  ferrite  grain  growth  that  takes  place  after  transformation  while  cooling, 
tempering  or  stress  relieving.  Longer  times  allow  growth  of  some  grains  at  the  expense  of 
smaller  or  less  favorably  oriented  neighbors. 


•k-rcncca  arc  lilted  on  page  1 19. 


d.  The  quantity  am)  dispersion  of  inclusions,  oxides  and  nitrides  that  may  inhibit  ferritic 
as  well  as  austenitic  grain  growth. 

e.  Deoxidation  practice. 

“■  fracture  grain  size  of  embrittled  material  is  usually  the  same  as  the  prior  austenitic  grain. '2 
The  strong  dependence  on  prior  austenitic  grain  size,  all  other  things  being  equal,  is  due  to  the  fact  that  the 
austenite  to  ferrite  reaction  nucleates  at  the  prior  austenite,  gamma,  grain  boundary.  The  finer  the  prior 
austenitic  grain  the  greater  the  grain  boundary  surface  area  and  thus  the  more  nucleation  sites  available  for  the 
gamma  to  ferrite  transformation.  Slower  cooling  rates  or  longer  times  at  temperature  allow  growth  of  existing 
grains  either  from  existing  gam.'.a  or  at  the  expense  of  other  smaller  ferrite  grains. 

Most  of  the  investigators  who  have  reported  on  the  effects  of  grain  size  have  used  the  Charpy  V-notch  im¬ 
pact  test  to  determine  the  fracture  transition  temperature;1,  3l  4’  7-11,  13-21, 23,  24,  29-31  on]y  a  few  |iave  usecj 
the  Charpy  keyhole  specimen,2-  6  the  drop  weight  impact  test  specimen,21,  24,  32  or  the  crack  or  tear  test  speci¬ 
men.6  How  the  fracture  transition  temperature  is  defined  has  a  marked  effect  on  the  magnitude  of  the  shift  in 
transition  temperature  caused  by  changes  in  grain  size.26  Some  of  the  definitions  of  fracture  transition  tempera¬ 
ture  used  in  the  literature  are  as  follows: 

1.  For  Charpy  V-notch  and  keyhole  specimens 

a.  Level  of  impact  energy  absorbed  was  frequently  used  to  determine  the  transition  tempera¬ 
ture.7,  8’  13,  14,  16,  20,  21, 24  The  values  used  ranged  from  8  to  40  ft-lb,  with  perhaps  the  most 
common  value  being  15  ft-lb.  The  15  ft-lb  level  is  commonly  used  for  plain  carbon  steels  be¬ 
cause  it  is  the  level  found  by  the  National  Bureau  of  Standards  and  the  Ship  Structures 
Committee  to  characterize  the  susceptibility  of  plain  carbon  steel  ship  plate  to  brittle  fracture. 

The  higher  values  arc  associated  with  quenched  and  tempered  alloy  steels. 

b.  A  specific  amount  of  fibrous  fracture  appearance  on  the  broken  surface  of  the  impact 

specimen  is  sometimes  used  to  define  the  fracture  transition  temperature.  ’  ’  l0’  “ 

This  is  usually  referred  to  as  the  fibrous  fracture  appearance  * r-insilion  temperature  (FATT), 
and  50  percent  fibrous  fracture  is  the  most  commonly  used  value. 

c.  An  amount  of  lateral  expansion  or  contraction  in  the  deformed  area  of  fracture  is 
occasionally  used  to  define  the  transition  temperature.21 

d.  The  inflection  point  or  sharp  drop  in  the  energy  absorbed  versus  temperature  curve  is 
used.3,  20 

c.  A  mean  energy  level  such  as  the  mean  energy  absorbed  at  +100  and  ~  196  C  has  set  the 
transition  tcmjwrature  4  as  Ins  the  temperature  at  which  the  Charpy  energy  absorbed  is  one- 
half  the  maximum  energy  absorbed  at  upper  energy  shelf.24  and  as  . .  the  middle  of  the 
temperature  range  over  which  an  impact  value  of  40  ft-lb  was  obtained,’  ~ 

f.  Sometimes  just  a  visual  comparison  is  made  of  energy  absorption  versus  test  tempera¬ 
ture  curves  lor  one  material  or  condition  as  opposed  to  another.1 

2.  For  drop  weight  impact  test  specimens,  the  transition  temperature  is  defined  as  the  highest  tempera¬ 
ture  at  which  the  crack  from  the  brittle  crack  starter  weld  will  propagate  across  the  surface  of  the  specimen  and 
around  the  edge  on  at  least  one  side.2 1  •  24, 32 

3.  The  crack  arrest  or  tear  test  transition  temperature  is  the  temperature  at  which  a  running  crack  is 
halted  or  arrested  by  the  material.  In  a  specimen  having  a  thermal  gradient,  the  crack  runs  toward  the  warm 
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Charpy  Impact  Tests 


All  Charpy  V-notch  impact  tests  were  performed  in  accordance  with  ASTM  Standard  E  23-64  using  a 
pendulum  type  of  impact  machine  with  268  ft-lb  capacity  and  a  striking  velocity  of  16.85  rt/sec.  Energy  losses 
due  to  friction  were  negligible  (less  than  1.5  ft-lb)  over  the  full  range  and  therefore  were  disregarded.  A  Tvpe  A 
Charpy  V-notch  (simple-beam)  impact  test  specimen  0.394  x  0.394  X  2.165  in.  was  used  for  these  tests. 

Most  Charpy  specimens  were  cut  parallel  to  the  5  in.  dimension  of  the  drop  weight  test  block  and  thus  were 
transverse  to  the  major  direction  of  plate  roll  (see  Figure  3).  Transverse  Charpy  specimens  were  selected  for  this 
study  so  that  if  banding  or  nonmetallic  inclusions  were  present  in  the  test  specimen,  they  would  be  oriented  in 
such  a  way  as  to  offer  the  least  resistance  to  crack  propagation  and  so  as  not  to  act  as  crack  arresters  and  thus 
mask  the  properties  being  studied.  However,  a  few  coupons  were  large  enough  to  provide  extra  material  to 
make  a  few  oversize  5/8  X  2  1  /4  x  5  1  /4  in.  specimen  blanks  (sec  Figure  4).  These  blanks  were  heat  treated 
and  used  to  make  a  set  of  longitudinal,  2.165  in.  dimension  parallel  to  the  major  direction  of  plate  roll, 

Charpy  V-notch  impact  specimens.  Each  specimen  was  identified  before  notching  on  both  0.394  X  0.394  end 
faces  with  the  drop  weight  specimen  number,  test  direction  and  specimen  number.  All  Charpy  specimens  were 
notched  so  that  the  notch  was  perpendicular  to  the  plate  surface  through-thc-thickncss  of  the  plate. 

The  Charpy  V-notch  specimens  were  machined  to  closer  tolerances  than  recommended  by  the  ASTM  in 
order  to  minimize  scatter  in  test  results;  the  permissible  variations  used  were  as  follows: 


Adjacent  sides 

90  deg  ±30  min 

Cross-section  dimension 

±0.001  in. 

Length  of  specimen  (L) 

±0.002  in. 

Centering  of  the  notch  (L/2) 

±0.001  in. 

Angle  of  notch 

45  deg  ±22  1/2  min 

Radius  of  notch 

±0.005,-0.002  in. 

Dimensions  to  bottom  of  notch 

±0.001  in. 

f  inish  requirements 

32  pin.  all  over 

Specimens  were  cooled  to  test  temperature  using  a  liquid  bath  in  an  insulated  container.  Specimens  were 
removed  from  the  bath  and  centered  in  the  test  machine  using  self-centering  tongs  similar  those  shown  in 
ASTM  E  23;  the  tongs  were  chilled  in  the  low  temperature  bath  with  the  specimens  for  at  least  15  min  and  were 
immediately  returned  to  the  bath  each  time  after  they  were  used.  Bath  temperatures  were  controlled  using  a 
dummy  specimen  with  an  embedded  thermocouple.  The  values  of  energy  absorbed  by  the  specimen  reported 
herein  are  usually  the  average  of  two  specimens  broken  at  the  indicated  temperature;  individual  specimen  re¬ 
sults  arc  plotted  on  the  energy  absorbed  versus  test  temperature  curves. 

METALLOGRAPHIC  PROCEDURES 

Mctallngraphic  specimens  were  cut  from  the  undeformed  areas  of  the  drop  weigh!  test  specimen  blank 
and  far  enough  from  the  crack  starter  bead  to  be  sure  that  no  alloying  elements  had  diffused  into  the  specimen. 
Umgitudmal  and  transverse  specimens  were  prepared  and  mounted  in  Iransoptic  mounting  resin.  After  the 
specimens  were  mounted,  1/8  in.  of  specimen  surface  was  machined  off  in  a  lathe  tinder  coolant  using  a  sharp 
cutting  tool.  The  surface  was  progressively  ground  using  I80-,  240-,  and  600-grit  silicon  carbide  papers. 


in 


least  45  minutes  prior  to  test  by  manually  stirring  the  bath  and  adding  dry  ice  or  liquid  nitrogen  as  required. 
Gloves  were  used  to  handle  the  specimens  by  the  heat  treating  loop  welded  to  the  end  (5/8  x  2  in.  face).  Inter¬ 
pretation  of  the  specimen  fracture  as  to  “Break"  or  “No  Break”  was  as  recommended  in  ASTM  E208.  The  only 
“No-Test”  specimens  encountered  in  these  tests  were  a  few  that  were  cut  a  little  thin,  less  than  the  recommended 
0.62  ±0.02  in.  thickness.  These  specimens  were  not  included  in  the  measurement  of  the  NDT  temperature. 

Tensile  Tests 

All  tensile  tests  were  performed  in  accordance  with  ASTM  Standard  E8-65T,  Tension  Testing  of  Metallic 
Materials.  A  small  size  specimen,  0.250in.  diameter  with  a  1-in.  gage  length,  proportioned  to  the  standard  Type 
1, 0.505-in.  diameter  tension  test  specimen  was  used.  The  specimens  were  taken  parallel  to  the  original  direc¬ 
tion  of  plate  roll,  thus  the  overall  “ength  of  the  specimen  was  limited  to  2  in.  since  this  is  the  size  of  the  P-3  drop 
weight  specimen  in  that  direction  (see  Figure  3).  The  2-in.  overall  length  was  achieved  by  slightly  reducing  the 
length  of  the  threaded  ends  of  the  specimen. 

The  specimens  were  tested  in  hydraulically  loaded  universal  testing  machines  calibrated  in  accordance  with 
ASTM  Standard  U  4-64,  Verification  of  Testing  Machines,  using  proving  rings.  The  testing  machines  were  found 
to  indicate  the  correct  load  within  eO.5  percent  in  the  loading  ranges  used  in  these  tests.  Self  aligning,  spherical 
bearing  devices  were  used  to  ensure  axial  loading  of  the  test  specimens.  Load-strain  curves  were  recorded  for  all 
specimens  using  an  averaging,  1-in.  gage  length,  microformer  strain  indicator  (extensometer),  and  an  autographic 
recording  device  calibrated  over  the  range  of  the  expected  yield.  Specimens  were  tested  at  a  speed  of  0.002 
in./in./mm  or  less,  up  to  and  slightly  beyond  the  yield  point.  The  0.2  percent  offset  method  was  used  to  de¬ 
termine  the  yield  strength.  The  values  reported  arc  the  average  of  two  specimens, 

Compression  Tests 

All  compression  tests  were  performed  in  accordance  with  ASTM  Standard  I:  0-61 .  The  specimens  tested 
were  I /2-in.  diameter  by  2-in.  long  cylinders  made  with  special  care  to  ensure  that  the  ends  were  parallel  to  each 
other  within  0  002  in.  and  perpendicular  to  the  long  axis  of  the  specimen  within  0.005  in.  The  specimens  were 
taken  parallel  to  the  original  direction  of  plate;  thus  they  were  machined  parallel  to  the  2-in.  dimension  of  the 
drop  weight  specimen  they  were  cut  from  (see  Figure  3). 

The  specimens  were  tested  using  hydraulically  loaded  testing  machines  calibrated  in  accordance  with  ASTM 
Standard  E  4-64,  Verification  of  Testing  Machines.  The  testing  machines  were  verified  using  proving  rings  and 
found  to  indicate  the  correct  load  within  ±0.5  percent  in  the  loading  ranges  used  in  these  tests. 

Alt  compression  tests  were  run  using  a  subpress  with  a  spherical  seated  bearing  block  at  the  end  of  its  shaft 
to  ensure  full  contact  with  the  end  of  the  specimen  and  to  ensure  true  axial  loading.  Hardened  steel  bearing 
blocks  with  smooth,  ground,  parallel  faces  were  used  in  contact  with  the  ends  of  specimen  to  prevent  possible 
damage  to  the  faces  of  the  subpress.  The  ends  of  the  specimen  were  greased  with  lubriplatc  to  eliminate  end 
restraints.  Because  of  the  shape  of  the  specimen  it  was  not  necessary  to  use  a  jig  to  prevent  lateral  buckling, 
l/rad-strain  curve*  were  recorded  fot  all  specimens  using  an  averaging,  I  -in.  gage  length,  n  icroformer  strain  indi¬ 
cator  (comprcssomcte')  and  an  autographic  recording  device  calibrated  over  the  range  of  the  expected  yield, 
Specimens  were  tested  at  a  speed  of  0.002  in./in./min  or  less  up  to  and  slightly  beyond  the  yield  point.  The 
0.2  percent  offset  method  was  used  to  determine  the  yield  strength.  The  values  reported  arc  the  average  of  two 
specimens. 


875  F  Isothermal  Treatment  (Semi-Bainitic) 

SpecinK. i  blanks  that  were  treated  isothernially  at  875  F  to  ultimately  give  a  microstructure  consisting  of 
a  mixture  of  tempered  bainite  and  tempered  martensite  were  treated  as  follows:  1 640  F  —1/2  hr  —  transferred 
to  875  f  —  held  152  (or  1  600)  sec-BQ;- 1 10  F  —  1/2  hr;  temper  1 1 50  F  —  1  hr  —  BQ.  Additional  specimen 
blanks  available  from  coupons X-\2,  ,Y-1 3,  and  *•!  5~*-18  were  treated  as  follows:  2000  F  -  1  hr  -  transferred 
to  l M0  F  held  5  min  (minimum)  -  transferred  to  875  F-  held  1600  sec  -  BQ;  - 1 10  F  -  1/2  hr;  1 150  F  -  1  hr 
-  BQ. 

1200  F  Isothermal  Treatment  (Semi-Ferritic) 

Specimen  blanks  from  all  coupons  were  isothernially  treated  at  1200  F  to  ultimately  give  a  microstructure 
of  tempered  martensite  and  tempered  ferrite.  In  several  cases  a  little  pearlite  was  found  to  have  been  formed 
during  the  isothermal  treatment.  These  coupons  were  treated  as  follows:  1640  F  -  1/2  hr  -  transferred  to 
1200  F  -  held  for  3350  sec  (or  extra  sets  of  specimen  blocks  from  coupons  3M  ,X -2,  X\2,  X-13,  AMS-  Y-18  and 
y-2,  )'-4,  and  K-ll  were  also  held  for  8500  sec) -BQ.  - 110  F  -  1/2  hr;  1 150  F  —  1  hr  -  BQ.  There  was  in¬ 
sufficient  material  to  give  any  specimens  with  a  coarse  austenitic  grain  size  the  1200  F  isothermal  treatment. 

TESTING  PROCEDURES 

In  general  an  attempt  was  made  to  adhere  to  standard  ASTM  testing  procedures.  In  a  few  cases  it  was 
necessary  to  make  slight  deviations  from  standard  practice  to  take  into  account  the  specific  conditions  of  these 
i  tests;  any  such  deviations  will  v/dicated  below. 

Drop  Weight  NDT  Tests 

All  drop  weight  tests  were  performed  in  accordance  with  ASTM  Method  li  208-66 T,  using  the  type  P-3 
specimen  which  is  5/8  x  2  x  5  in.  The  specimens  were  supported  as  a  simple  beam  and  subjected  to  an  impact 
load  of  259  ft-lb  produced  by  dropping  a  223-lb  weight  1  ft  2  in.;  this  drop  energy  was  found  to  consistently 
crack  the  crack  starter  weld  bead  and  to  cause  the  specimen  to  consistently  contact  the  anvil  stop. 

As  stated  previously,  the  specimens  were  prepared  with  one,  as  rolled,  2  X  5  in.  face.  The  Hardcx-N  crack 
starter  bead  was  deposited  in  the  center  of  this  face  prior  to  heat  treatment  of  the  specimen  so  that  the  heat- 
affected  zone  created  by  deposition  of  the  weld  bead  would  not  interfere  with  the  coricct  measurement  of  the 
NOT  temperature  of  the  base  material.  After  final  heat  treatment,  the  crack  starter  weld  beads  were  notched 
as  required  in  ASTM  !•  20.8,  uring  a  thin  abrasive  disk.  The  combination  of  the  isothermal  treatments  and  the 
subsequent  1 1 50  V  temper  was  not  found  to  prevent  proper  functioning  of  the  ciack  starter  bead;  upon  impact, 
a  good  crack  formed  in  the  bead  in  every  case. 

A  group  of  four  or  fisc,  usually  five,  specimens  was  given  a  selected  heat  treatment  and  used  to  determine 
the  NOT  temperature.  Since  tests  weic  conducted  on  a  known  material  with  a  known  thermal  history,  the  NOT 
temperature  was  determined  within  10  F  by  three  to  five  tests,  the  usual  number  being  four.  Prior  to  testing 
each  specimen  was  placed  in  a  large  insulated  liquid,  isopentane,  low  temperature  bath  with  at  least  1  in.  of 
liquid  all  around  the  specimen.  A  thermocouple  embedded  in  a  dummy  specimen  was  attached  to  an  automatic 
recorder  and  used  to  control  the  bath  temperature.  The  hath  temperature  was  maintained  for  a  period  of  at 
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the  table  lists  the  identification  numbers  assigned  to  each  coupon.  Coupons  made  by  the  largest  producer  have  a 
number  starting  with  an  A  and  coupons  made  by  the  other  producer  have  been  assigned  a  number  prefixed  with 
a  K.  To  obtain  the  maximum  use  of  each  coupon  and  to  make  specimen  location  as  uniform  as  possible  for  all 
specimens,  specimens  were  taken  from  adjacent  to  the  original  plate  surfaces  (sec  Figure  1).  In  fact,  to  minimize 
machining  costs,  the  original  plate  surface  was  made  one  of  the  2  X  5  in.  surfaces  of  the  drop  weight  specimen 
blank.  The  specimen  blanks  were  5/8  X  2  X  5  in.  with  the  2-in.  dimension  in  the  direction  of  plate  roll  and  the 
5-in.  dimension  parallel  to  the  plate  surface  and  perpendicular  to  the  direction  of  plate  roll  (see  Figure  2).  This 
is  the  size  of  specimen  required  for  subsize  drop  weight  NDT  temperature  tests  in  ASTM  Method  E  208.  Each 
specimen  blank  was  coded  on  the  end  with  the  appropriate  number,  location,  test  direction,  and  specimen 
number.  These  specimen  blocks  were  used  for  drop  weight  tests,  after  that  the  broken  specimens  were  used  to 
make  mechanical  property  test  specimens. 

HEAT  TREATING  PROCEDURES 

The  5/8  X  2  X  5  in.  drop  weight  specimen  blanks  were  prepared  for  heat  treatment  by  (1 )  welding  hand¬ 
ling  loops  onto  one  of  the  5/8  X  2  in.  faces,  (2)  depositing  a  brittle  crack  starter  bead  on  the  2  X  5  in.  surface 
of  the  specimen  that  represented  the  original  plate  surface  of  the  specimen  using  a  3/1 6-in.  diameter  Ilardex  N 
hardfacing  electrode,  (3)  normalizing  the  specimens  by  heating  to  1 650  F,  holding  for  1  hour  and  then  air- 
cooling,  and  (4)  sandblasting  the  specimen  prior  to  final  heat  treatment. 

Tire  final  heat  treatment  of  the  drop  weight  specimen  blanks  consisted  of  austenitizing  in  a  neutral  salt 
bath  at  1 640  F  for  1  / 2  hour  and  then  either  water  quenching  in  a  brine  solution  or  quenching  into  an  isothermal 
neutral  salt  bath,  holding  for  a  prescribed  time  and  then  brine  quenching.  After  quenching,  all  specimens  were 
immediately  given  a  low  temperature  (about  -  1 10  F)  treatment  in  a  bath  made  of  acetone  and  chunks  of  dry  ice; 
all  specimen  blanks  were  given  at  least  1  / 2  hour  in  this  bath  to  ensure  that  they  came  down  to  temperature  and 
that  all  retained  austenite  was  transformed  to  martensite  by  the  treatment.  All  specimens  were  subsequently 
tempered  in  a  circulating  air  furnace  at  1 1 50  F  for  1  hour  at  temperature  and  then  water  quenched  in  a  brine 
solution  (B0).  hi  a  few  cases,  where  sufficient  material  was  available,  a  few  sets  of  drop  weight  specimen  blanks 
were  austenitized  at  2000  F  for  I  hour  in  a  circulating  air  furnace,  then  transferred  to  the  1640  F  salt  bath  for 
5  minutes,  minimum,  to  standardize  the  temperature  differential  between  the  isothermal  bath  and  the  specimen 
prior  to  immersion.  All  furnace  and  hath  temperatures  are  manually  controlled  using  potentiometers  to  within 
±5  F.  Specimens  were  heat  treated  by  suspending  them  by  their  loop  from  a  fixture  that  allowed  them  to  be 
treated  as  a  group.  This  fixture  held  the  specimens  1  1/2  in.  apart  and  suspended  them  vertically  in  the  salt  baths 
to  permit  circulation  of  the  salt. 

Fully  Quenched  (Martensitic) 

Specimen  blanks  that  were  fully  quenched  to  fortrr  a  fine  ptior  austenitic  grain  size  to  ultimately  give  a 
tempered  martensitic  microstructurc  were  treated  as  follows:  1640  F  —  1/2  hr  -  BQ:  —  1 10  F  -  1/2  hr; 
temper  1 1 50  F  I  hr  BQ.  Specimen  blanks  from  coupons  T-!2, 2M3,  and  T-l 5-AT-l 8  which  were  quenched 
from  a  coarse  prior  austenitic  size  were  treated  as  follows:  2000  F  -  1  hr  -  1640  F  5  min  (minimum)  -  BQ; 

-  1I0F  1/2  hr,  temper  1 150  F  -  I  hr  -  BQ. 
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nmlor  a  wide  variety  of  conditions,  and  tempering  treatment.  Increases  in  strength  produce  corresponding  i 
creases  in  impact  transition  temperatures  unless  other  parameters  are  adjusted  to  compensate  for  the  increased 
strength  level,27-35  Conversely,  a  decrease  in  strength  brought  about  by  a  long  time  temper  is  no  guarantee  that 
the  impact  transition  temperature  will  improve,  since  for  a  wide  variety  of  quenched  and  tempered  steels  a  100 
hour  stress  relief  will  reduce  the  strength  and  at  the  same  time  increase  the  transition  temperature;  this  is  attri¬ 
buted  to  a  susceptibility  *o  temper  embrittlement.38 

In  bainitic  steels,  increases  in  strength  brought  about  by  refining  the  bainitic-fcrritc  microstrueturc  will 
have  an  adverse  effect  on  impact  transition  temperature  unless  compensation  is  made  by  refining  the  prior  aus- 
tenitic  grain  size  also.  The  dejiendence  of  the  impact  transition  temperature  of  bainitic  steels  on  prior  aus¬ 
tenitic  grain  size  is  attributed  to  the  fact  that  the  upper  limit  on  the  size  of  the  bainitic-ferrite  plates  is  the  prior 
austenite  grain  diameter.27  Tempering  bainitic  steels  at  a  temperature  above  the  temperature  at  which  the 
bainite  formed  improves  its  impact  transition  temperature  by  lowering  the  strength.42 


EXPERIMENTAL  PROCEDURES 


SUMMARY 

The  general  test  program  followed  in  this  study  can  be  summarized  as  follows.  Test  coupons  were  col¬ 
lected  from  commercially  produced  plates  made  by  the  two  major  producers  of  a  low  carbon,  nickel-chronic 
molybdenum  steel. *  These  coupons  were  selected  to  represent  the  broad  range  of  chemical  composition  to 
which  this  steel  is  melted  in  commercial  practice.  These  coupons  were  slabbed  to  convenient  size,  analyzed  for 
chemical  composition,  heat  treated,  and  tested.  All  heat  treating  and  testing  was  performed  on  5/8  X  2  X  5  in. 
drop  weight  blanks  heat  treated  so  as  to  eliminate  the  effects  of  variation  in  hardenability,  plate  thickness,  and 
mill  heat  treatment.  Isothermal  heat  ticatnicnts  were  used  to  produce  controlled  microstructures,  and  a  uniform 
tempering  temperature  of  1 1 50  !•',  slightly  above  the  minimum  value  permitted  by  the  specification,  was  used. 
The  isothermal  holding  times  and  temperature  were  tentatively  selected  to  produce  approximately  25  percent 
A 10  percent  of  each  nonmartcnsitic  product,  bainite  or  ferrite,  for  an  average  composition,  Microstruclurcs  pro¬ 
duced  by  a  given  heat  treat  were  measured  for  each  coupon  using  microspecimens  taken  from  the  broken  drop 
weight  test  specimens;  mechanical  properties  were  measured  on  these  same  test  specimens. 

MATERIALS 


Coupons  were  collected  over  a  period  of  years  from  plates  made  during  actual  mil!  runs  at  the  plants  of 
the  two  major  producers  of  .iiis  steel  and  represent  only  a  small  fraction  of  heats  melted  during  this  period, 
lire  coupons  were  obtained  after  final  heat  treatment  from  the  end  of  the  plate  when  the  plate  was  cropped  to 
ordered  size.  All  coupons  were  cut  from  material  adjacent  to  the  ordered  plate.  The  actual  coupons  selected 
were  chosen  by  the  investigator  on  the  basis  of  the  producer’s  chemical  analysis  to  represent  a  fairly  broad  range 
of  the  chemical  compositions  used  for  this  steel  in  commercial  mill  practice.  A  total  of  27  coupons  representing 
22  heats  were  collected;  1 6  coupons  were  from  one  producer  and  1 1  coupons  from  the  other.  Table  1  summa¬ 
rizes  the  heat  numbers,  mechanical  properties,  and  chemical  compositions  reported  by  the  producers;  in  addition, 


Commonly  called  HY-KU  elect  and  made  in  accordance  witli  ASTM  Specification  A543-A5  and  Military  Specification 
Mll-.S-tf, 2160  (SHIPS). 
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COMPOSITION 

The  eflects  ol  compositional  changes  in  tempered  martensitic  and  lowcr-bainitic  microstructures  on  impact 
properties  are  threefold:  first,  the  basic  impact  fracture  transition  temperature  is  shifted  due  to  the  presence  of 
trace  impurity  elements;2-*’  36,  37  second,  the  susceptibility  to  embrittlement  at  low  tempering  temperatures, 

500  to  800  F,  may  be  affected;10,  37  and  third,  there  may  be  susceptibility  to  temper  embrittlement  during 
either  long  time  tempering  treatments  or  slow  cooling  instead  of  quenching  from  the  tempering  tempera- 

Q  in  ni  ns  n/  n<i  j  i 

tures.  >>•»••<  1  |n  addition,  the  composition  changes  may  be  detrimental  to  impact  properties  if 
they  increase  the  strength  markedly  or  if  they  tend  to  retard  softening  during  tempering.27,  35> 3  7 

Teds  on  special  high  purity  quenched  and  tempered  steels  have  shown  that  certain  minor  impurity  ele¬ 
ments,  some  of  which  are  invariably  present  in  commercial  steels  and  for  which  many  are  not  routinely  analyzed, 
such  as  P,  Sb,  As,  Sn,  and  N2,  are  primarily  responsible  for  embrittlement.23,  36,  37  The  high  purity  steels  show 
very  low  impact  transition  temperatures  and  very  little  susceptibility  to  embrittlement  as  a  result  of  usually  det¬ 
rimental  tempering  treatments.  Susceptibility  to  low  tempering  temperature  embrittlement  is  increased  by  Mn, 

P,  Si,  Cr,  As,  Sn,  N2,  not  affected  much  by  Ni,  Cr,  and  Mo,  and  seems  to  be  inhibited  by  Al.10, 37  The  most 
detrimental  effects  were  observed  for  P  and  N2>37 

Susceptibility  to  temper  embrittlement  due  to  either  long  tempering  times  in  the  region  from  900  to  1 100  F 
or  slow  cooling  from  the  tempering  temperature  is  increased  by  C  9,22  Mn,34, 36, 37  P,10,  23, 36, 37, 41  Si,36, 37 
Ni,34  Cr,34  As,30,37  Sb,36, 37,39,41  and  Sn, 23,36,37,39  not  affected  much  by  N2,  Bi,  Cu,  Co,  Gc,  Ga,  and 
Zr, 36,37  and  inhibited  by  Mo,10, 34,36,39  and  W.39  There  was  no  evidence  in  studies  of  a  quenched  and  tem¬ 
pered  Ni-Cr-Mo  steel  that  there  was  any  interaction  between  regular  alloying  additions  and  trace  elements  that 
exaggerated  their  total  effect.39,41  For  some  hardened  steels,  there  is  evidence  from  the  impact  transition 
temperature  and  the  fracture  appearance  that  some  embrittlement  occurred  during  the  initial  tempering  at  an 
elevated  (1 1 12  to  1202  F)  temperature.37, 41 

A  study  of  a  quenched  and  tempered  Ni-Cr-Mo  steel  that  was  not  deliberately  given  an  embrittling  treat¬ 
ment  shows  that  P,  Sb,  and  Sn  have  a  detrimental  effect  on  impact  transition  temperature.  As  had  little  or  no 
effect,  and  Al  additions  were  actually  beneficial.39  Phosphorus  was  the  most  damaging,  and  the  effect  of  As, 
which  had  been  shown  to  be  detrimental  to  deliberately  embrittled  steel,  showed  little  effect  in  the  not  deliber¬ 
ately  embrittled  steel.  Tire  effect  of  Al  shifted  from  detrimental  in  embrittled  material  to  beneficial  in  non- 
embrittled  material;  the  benefit  of  Al  additions  was  attributed  to  a  decrease  in  the  prior  gamma  grain  size.  Other 
effects  reported  arc  that  the  optimum  carbon  content  in  quenched  and  tempered  steels  is  about  0.38  percent  and 
that  this  amount  optimizes  both  NDT  temperature  and  maximum  Charpy  V-notch  shelf  energy.40  Sulphur  is 
reported  to  have  no  effect  on  impact  transition  temperature  but  to  lower  the  maximum  Charpy  shelf  energy.10 

B,  C,  Mn,  Ni,  and  Cr  additions  can  be  detrimental  to  the  impact  properties  of  low-carbon  bainitic  steels 
if  they  reduce  the  austenite  decomposition  temperature  and  as  a  result  either  increase  the  strength  excessively 
or  produce  a  mixed  microstructurc  of  bainitc  and  martensite.27  Secondary  hardening  elements  like  Mo  and  V 
have  a  tendency  to  reduce  impact  properties  of  low-carbon  bainites,  in  that  they  increase  the  hardness  of  the 
initial  microstructurc  and  they  tend  to  precipitate  carbides  which  retard  softening  during  tempering.27 

STRENGTH 

The  effect  of  strength  level  on  impact  transition  temperature  is  complicated  by  the  dependency  of  strength 
on  the  interaction  between  composition,  grain  size,  microstructurc  produced  by  the  transformation  of  austenite 
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In  marien<\tic  steels  transgranular  and  intergranular  fracture  refer  to  austenitic  grains  present  prior  to 
quenching  and  not  to  the  ferritic  grain  structure  developed  by  tempering  the  martensite. 11*12,23,29,36, 37,41 
The  Hat: vc  amount  of  transgranular  and  intergranular  fracture  developed  by  the  impact  fracture  of  a  tempered 
martensite  depends  on  the  following: 

1.  The  relative  temperature  in  the  fracture  transition  region.  The  lowest  'temperatures  tend  to  give 
more  intergranular  fracture.15 

2.  The  amount  of  temper  embrittlement.  Certain  combinations  of  temperatures  and  long  holding  times, 

1-) 

will  increase  the  tendency  to  intergranular  fracture  if  the  material  is  susceptible  to  temper  embrittlement. 

3.  Blue  brittleness,  associated  with  a  500  F  tempering  temperature.  This  tends  to  give  an  intergranular 
fracture  and  shows  a  brittle  appearance  over  a  considerable  temperature  range  and  which  slowly  disappears  at 
higher  temperatures  without  ever  exhibiting  an  abrupt  transition.11 

4.  Nonembrittling  tempering  causes  fracture  to  show  a  progression  from  transgranular  fracture  after 
a  500  F  temper,  and  a  return  to  the  transgranular  fracture  mode  after  a  1200  F  temper.  Tempers  from  550  F 
to  1200  F  exhibit  brittle  fractures  composed  of  a  mixture  of  intergranular  and  transgranular  brittle  partings.1 1 

5.  High  purity  tempered  martensite  will  exhibit  only  transgranular  cleavage  when  it  breaks  in  a  brittle 
way  whereas  steels  containing  0.04  atomic  percent  phosphorus  or  tin  showed  at  least  some  intergianular  fracture 
along  the  prior  austenitic  grain  boundaries  with  the  proportion  increasing  with  grain  size  and  with  embrittling 
treatments.22  Phosphorus  containing  steel,  0.023  weight  percent  in  a  0.3  C,  3.0  Ni,  0.75  Cr  steel,  tended  to 
show  more  intergranular  fracture  than  the  same  steel  doped  with  0.074  weight  percent  Sn. 

Summarizing,  the  impact  fracture  path  is  characterized  by  the  transgranular  or  intergranular  mode  relative 
to  the  ferritic  grains  in  plain  carbon  steels  having  a  microstructurc  consisting  of  ferrite  or  ferrite  and  pcarlitc, 
and  to  the  print  fiuitetiltle  gtrtlfts  !M  qiieilt'lied  tllltl  lempefetl  martensite  which  shows  some  degree  of  temper  em¬ 
brittlement.  Tire  impact  properties  of  bainitic  steels  are  separated  into  two  distinct  types,  with  the  high  temper¬ 
ature  bainitic  structures  behaving  like  ferritc-pcarlitc  structures  and  low  temperature  hainitic  structures  behaving 

like  martensitic  structures;  the  impact  properties  of  the  low  temperature  bainitc  improve  with  decreasing  prior 

.  .  .  .  57 

austenitic  grain  sizes 

MICROSTRliCTURE 

The  general  effect  reported  in  the  literature  is  for  tempered  bainitic  steels  to  have  impact  properties  inter¬ 
mediate  to  those  of  tempered  martensitic  and  tempered  pcarlitic  steels  of  the  same  hardness,  with  the  tempered 
martensitic  steel  having  the  lowest  impact  transition  temperature  and  the  highest  level  of  energy  absorbed  above 
the  transition  temperature.27, 23, 42  The  fine  bainitic  structure  responds  to  tempering  like  a  quenched  steel; 
the  transition  temperature  steadily  decreases  with  increasing  tempering  temperature.27,  ^  Composition  of  low 
carbon  bainitic  steels  has  little  effect  on  the  impact  properties  if  similar  microstructures  having  the  same  grain 
size  and  same  hardness  arc  compared.27  In  order  to  get  adequate  impact  resistance  in  bainitic  or  martensitic 

steels,  they  must  he  tempered  beyond  the  stage  where  maximum  secondary  hardening  takes  place;  secondary 

22 

hardening  due  to  the  presence  of  other  alloying  elements  has  a  deleterious  effect  on  impact  resistance, 
liven  after  tempering,  a  portion  of  upper  bainitc  is  more  detrimental  to  the  impact  properties  of  an  otherwise 
martensitic  micros!  met  lire  than  is  a  portion  of  lower  bainitc.42 


side  of  the  specimen.  These  tests  are  not  used  extensively  and  apparently  are  seldom  used  to  evaluate  the  effect 
ot  grain  size  on  the  transition  temperature. 

Other  parameters  associated  with  the  material,  and  its  treatment  and  microstructure  have  been  reported  to 
have  an  interaction  with  the  grain  size  to  change  the  magnitude  of  the  shift  in  the  impact  transition  temperature. 
These  factors  are:  impurity  level  and  composition  changes;3,  ?•■*»  23  commercial  size  heats  as  opposed  to 

laboratory  size  heats  or  melts;0,  31  straining  or  cold  deformation;3,  12,  2^  thermal  treatments  that  cause  a 
secondary  effect  to  overshadow  grain  size  effects,  retention  of  austenite,3  temper  embrittlement10,  13,  20,  23,  26 
and  growth  of  grains;2, 5-  7>  23  and  microstructure  changes.1, 3* 14, 1 7>  20>  22,  26,  27  The  effect  of  each  on  the 
apparent  shift  in  transition  temperature  with  grain  size  (ATI AGS)  may  either  be  positive  or  so  negative  in  nature 
as  to  make  grain  size  appear  to  have  no  effect. 

As  a  result  of  these  complications,  each  reported  value  of  ATI  AGS  must  be  evaluated  in  terms  of  the 
specimen  used;  the  criterion  defining  transition  temperature;  the  composition,  including  impruity  levels;  source 
of  the  material,  lab  versus  production  melts;  thermal  treatment;  straining;  microstructurc;  and  the  range  over 
which  grain  size  was  actually  varied.  If  this  is  done,  a  few  general  observations  may  be  made  on  the  specific 
effect  of  changes  in  grain  size  on  the  impact  transition  temperatme.  For  convenience,  this  report  will  always 
refer  to  grain  size  as  the  ASTM  micrograin  size.  The  following  equation  represents  the  relationship  between  the 
number  of  grains  per  square  inch  («)  and  ASTM  micrograin  size  (jV)  :  n  =  2*N  ~  1  \ 

Ferritic  Grain  Size 

The  ferritic  grain  size  is  commonly  used  in  the  literature  to  report  the  effects  of  grain  size  on  ATI  AGS. 

There  arc  three  reasons  for  this:  first,  ferrite  is  the  major  room  temperature  equilibrium  phase  in  the  hypocu- 
tectoid  plain  carbon  steels  used  in  most  of  the  studies  reported  in  the  literature;  second,  ferrite  with  varying 
amounts  of  carbide  is  the  primary  room  temperature  microconstitucnt  of  quenched  and  tempered  alloy  steels; 
and  third,  the  final  ferritic  grain  size  is  readily  measured  using  standard  mctallographic  techniques. 

to  it 

Changes  in  the  size  of  the  ferrite  subgrain  size  are  reported  to  affect  the  impact  transition  temperature.  •  ‘ 
An  increase  in  the  sub-boundaries,  a  decrease  in  the  ferritic  subgrain  size,  raises  not  lowers  the  Charpy  V-notch 
15  ft-lb  transition  temperature  (20  F/per  ferrite  grain  size  number).  The  ferrite  subgrain  boundaries  examined 
with  an  electron  microscope  show  a  lower  dislocation  density  than  the  boundaries  associated  with  the  true 
ferrite  grain  boundary.31  While  these  authors  were  puzzled  by  this  effect,  a  possible  explanation  must  be 
pointed  out.  Current  dislocation  theory  says  that  the  subgrain  structure  is  caused  by  a  preferential  alignment  of 
dislocations  having  like  signs.  As  the  number  of  dislocations  increases,  the  subgrain  size  would  be  expected  to 
decrease  and  the  strain  in  the  grain  increase.  The  usual  effect  of  straining  is  to  raise  the  transition  temperature 
for  ductile  to  brittle  fracture.  In  fact,  temper  embrittlement  has  even  been  attributed  to  strain  developed  across 
prior  austenitic  grain  boundaries  as  a  result  of  the  contraction  of  the  ferrite  lattice  when  dissolved  alloying  ele- 
ments  are  removed  from  solution  in  ferrite  by  a  reaction  with  existing  minor  carbide  phases.  Tints  it  is  logical 
to  expect  that  as  the  ferritic  subgrain  size  gets  smaller  indicating  increasing  dislocation  densities  and  higher  strains 
in  the  lattice,  the  impact  transition  temperature  would  increase  as  opposed  to  the  usual  decrease  in  ATI  AGS 
associated  with  a  finer  true  ferritic  grain  size. 

References  2,  <>,  7.  I  7,  17,  IK,  24,  28,  and  .71  show  that  a  decrease  in  the  ferritic  grain  size  of  a  plain 
carbon  steel  sufficient  to  increase  the  ASTM  grain  size  number  one  unit  will  reduce  the  transition  temperature 
22  !•  on  the  average,  the  effect  ranging  from  an  increase  of  9  F  to  a  decrease  of  7')  F,  Tire  9  F  value, 


n 


Reference  31,  is  undoubtedly  due  to  the  normal  variation  in  the  measurement  of  transition  temperature  of  ±10  F 
u  ported  by  Gross  and  to  the  small  variation  in  grain  size,  less  than  one  unit.31  The  -39  F  value  for  AT/ AGS 
is  difficult  to  rationalize  since  the  author  reports  neither  the  type  of  impact  specimen  he  used  nor  the  criterion 

used  tor  determining  the  transition  temperature. 

These  ATI  AGS  values  seem  to  be  independent  of  carbon  content  in  these  plain  carbon  steels.  It  is  reported 
that  of  the  factors,  ferrite  grain  size,  pearlite  island  size,  pcarlite  spacing  and  amount  of  procutectoid  ferrite,  as 
it  influences  pearlite  carbon  content;  only  the  ferrite  grain  size  showed  any  degree  of  correlation  with  the  Charpy 
V-notch  1 5  ft-Ib  transition  temperature.1 7  The  AT/ AGS  value's  dependence  on  test  method  is  seen  in  Reference 
24  where  the  author  reports  a  value  of  -18  FI  AGS  based  on  the  Charpy  V-notch  15  ft-lb  energy  transition 
temperature  and  —1 1  F/A GS  based  on  drop  weight  NDT. 


Austenitic  Grain  Size 


Increases  in  the  prior  austenitic  grain  size  have  usually  been  associated  with  increasing  impact  transition 
temperatures.1'  J’  4>  8  14,  *6, 19,  ~3,  2 1  in  fact,  as  temper  brittleness  increases  in  martensitic-ferrite,  the  fracture 


paths  become  increasingly  intergranular  and  follow  the  prior  austenitic  grain  boundaries.11’  12>29>  36,37,41 
The  relationship  between  the  Charpy  V-notch  10  ft-ib  and  50  percent  FATT  transition  temperatures  and  prior 
austenitic  grain  size  was  linear  for  hardened  0.84  and  0.95  C  steels. 16 

It  was  reported  (or  tests  on  SAH  1045, 2340  and  3140  having  various  microstructures  and  tempered  to  the 
san.j  hardness,  that  increasing  the  prior  austenitic  grain  size  increased  the  impact  transition  temperature  of  air 
cooled  and  tempered  (pcarlitic)  materia!  (ATI  Ay  GS  from  -25  to  —  -120  F)  but  had  the  opposite  effect  (+5  to 
+20  F)  on  quenched  and  tempered  material.3  The  slight  improvement  in  the  quenched  and  tempered  steels  as 
austenitic  grain  size  increased  was  attributed  to  the  increase  in  hardenability  as  the  grain  size  increased  and  to  the 
resultant  increase  in  the  amount  of  martensite  formed  during  quenching.  The  impact  fracture  transition  temper¬ 
ature  ot  the  tempered  martensitic  structure  was  always  better,  i.  c„  lower  than  that  of  the  tempered  pcarlitic 
structures.  Increasing  gamma  grain  size  also  increased  the  notch  sensitivity  of  the  pcarlitic  microstructure.3  In 
a  later  study  it  was  reported  for  0.80  percent  C  plain  carbon  steel  that  as  the  hardness  was  increased,  pearlite 
spacing  decreased,  the  impact  transition  temperature  went  up,  more  so  for  fine  than  for  coarse  prior  austenitic 
grain  size  material;  in  fact,  there  was  a  minimum  in  the  pearlite  spacing  (hardness)  versus  impact  transition 

temperature  relation  lor  coarse  material  whereas  the  finer  prior  gamma  grain  size  material  showed  a  continuous 
14 

increase. 


Prior  austenitic  grain  size  is  also  reported  to  have  a  controlling  effect  on  the  mean  impact  energy  absorbed 
transition  temperature  of  0.1 2  C  bainitic  steels,  but  the  effect  is  lessened  as  the  strength  increases  with  increased 
dispersion  of  carbides.  The  prior  austenitic  grain  diameter,  which  is  directly  related  to  cither  the  rolling  finish¬ 
ing  temperature  or  the  reheating  temperature  used  during  austenitizing,  has  been  shown  to  strongly  affect  the 
average  Charpy  energy  impact  transition  temperature  of  70,000  psi  tensile  strength  bainitic  steel,  with  the 
transition  temperature  increasing  in  an  A  shaped  relationship  with  increasing  prior  austenitic  grain  diameter.27 
The  transition  temperature  of  the  bainitic  steels  reportedly  ranged  from  -76  F  for  an  austenite  grain  diameter 
of  3.9  X  10  4  in.  to  140  F  for  a  22.3  X  I0~4  in.  diameter. 

Grain  refiners  are  frequently  cited  as  and  demonstrated  to  have  a  beneficial  effect  on  lowering  the  impact 
transition  temperature4,  7  ami  even  materials  which  arc  not  specific  grain  refiners,  such  as  lead,  but  which 
react  to  inhibit  grain  growth,  will  show  a  beneficial  effect,  especially  when  added  to  normally  coarse  grained 
steels.* 


Petch  is  reported  3°  to  have  shown  that  the  Charpy  V-notch  1 5  ft-lb  transition  temperature  (7}  of  ferritic 
steels  is  linearly  related  to  the  natural  logarithm  of  the  square  root  of  the  reciprocal  of  the  mean  grain  diameter 
(d)  in  the  following  way:  T=A  +  B  In  ( D "'V2).  If  one  uses  n  =  2(N7l)  where  n  is  the  number  of  grains  per 
square  inch  and  AMs  the  ASTM  grain  size  number, and  notes  the  fact  that  n  is  proportional  tod2,  one  can  re¬ 
write  the  Petch  relationship  in  terms  of  the  ASTM  grain  size  and  show  that  impact  transition  temperature  should 
be  a  direct  linear  function  of  N,  T  =  A  j  +  Bi  (N). 

An  investigation  of  unhardened  C1095  and  C1080  plain  carbon  steels  shows  that  a  coarser  prioi  austenitic 
grain  size  raises  the  impact  transition  temperature,  regardless  of  the  temperature  at  which  the  austenite  is  trans¬ 
formed  to  pcarlite.8  In  addition,  it  was  shown  that  while  lower  transformation  temperatures  raised  the  ultimate 
tensile  strength,  it  also  lowered  the  impact  transition  temperatures  by  refining  the  microstructure.  The  data  be¬ 
low  shows  the  observed  range  of  change  in  Charpy  V-notch  impact  transition  temperature  AT  per  unit  change  in 
prior  austenitic  grain  size,  AT/yGS  and  demonstrates  the  dependence  of  AT/yGS  on  both  the  criteria  used  to 
measure  AT  and  the  steel  composition. 


Steel 

Cv  (10  ft-lb) 

Cy  (50  Percent  FATT) 

C1095 

46-35  F/yGS 

17-19  F/yGS 

Cl  080 

27-29  F/yGS 

33-23  F/t GS 

Studies  of  the  effc  .s  of  various  factors  on  the  impact  transition  temperature  of  plain  carbon  steel  ship 
plate  have  shown  that  the  higher  transition  temperatures  associated  with  thicker  plates  arc  more  closely  related 
to  differences  in  the  ferrite  grain  size  resulting  from  rolling  finishing  temperature  and  cooling  rate  than  to  differ¬ 
ences  in  chemical  composition.13  The  finer  the  grain  size,  the  higher  the  ASTM  grain  size  number,  the  lower 
the  impact  transition  temperature.  The  magnitude  of  the  effect  of  grain  size  on  AT/ AGS  depends  on  the  method 
used  to  measure  grain  size;  based  on  ferrite  grain  size  the  AT/ AGS  for  ship  plate  was  —14  F/A GS  and  based  on 
fracture,  which  may  partially  reflect  prior  austenitic  grain  size,1 1  ’  12,  29,  36,  37> 41  AT/ AGS  was  -9  F/AGS.]i 
In  a  study  of  the  effects  of  impurity  level  on  the  way  changes  in  prior  austenitic  grain  size  influenced 

Charpy  V-notch  100  percent  FATT  transition  temperature  of  a  0.3  C,  3.0  Ni.0.75  Cr  steel,  it  was  observed  that 
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the  relative  effect  of  grain  size  was  strongly  influenced  by  both  impurity  level  and  thermal  treatment. 


As  Oil  Quenched  and 
Tempered  at  1 1 1 2  F 

Oil  Quenched  and  Tempered  Plus 

1 68  Hours  at  842  F 

High  Purity 

-  4.1  F/A yGS 

-  5.9  F 1  Ay  GS 

Plus  0.023  Percent  /’* 

-13.6  F/AyGS 

-19.8  F/AyGS 

Plus  0.074  Percent  Sri* 

-28.5  FI  Ay  GS 

-42.3  F/AyGS 

These  data  show  that  the  impact  transition  temperature  of  high  purity  alloys  is  affected  by  change's  in  gamma 
grain  size;  that  tin  is  more  detrimental  than  phosphorus  at  equal  atomic  percents;  and  that  the  detrimental  effect 
of  increasing  poor  austenitic  grain  size  is  greater  after  an  embrittling  treatment  than  after  a  simple  tempering 
treatment. 


Fact)  about  0.04  atomic  percent. 


Microstructure 


The  interaction  of  microstructure  and  g-in  size  appears  to  be  rather  straightforward;  the  finer  the  micro- 
structure  for  any  given  prior  austenitic  grain  size,  the  lower  will  be  the  impact  transition  temperature.  The  finer 
the  ferrite  grains  in  ferritic  steels,2*4-7-  1S* 1R-  22-  24.  26.  28,  32  the  fincr  tbc  pearlite  colonics  and  (hc  fincr  thc 

interlaminar  ferrite-carbide  spacing,1-  3- 14-  16- 17  the  finer  the  bainitic-ferrite20-  22, 27  and  the  finer  ,he 
martensitic-ferrite,3,  22-  27  the  lower  will  be  the  impact  transition  temperature.  It  should  be  remembered  that  the 
finer  the  prior  austenitic  grain  size,2- 6  the  lower  the  rolling  finishing  temperature,13  the  faster  thc  cooling 

rate,  ■ b-  28  and  the  lower  the  temperature  of  transformation  from  austenite,8-  28  the  finer  will  be  thc  resultant 
final  grain  size. 


Because  of  the  increasingly  acicular  nature  of  the  ferrite  grain  size  as  the  microstructure  is  changed  from 

polygonal  .errite  to  bainitic-ferrite  and  then  to  martensitic-ferrite,  it  becomes  increasingly  difficult  to  make  a 

change  in  ferritic  grain  size  and  as  a  result,  ferritic  grain  size  can  hardly  be  considered  a  variable.22  As  a  result  of 

thc  increasing  acicular  nature  of  thc  microstructure  and  the  fracture  path  following  the  embrittled  prior  austenitic 

grain  boundary,1  '- 12-  2th  3^.  32, 41  one  p)nds  ^  tenc]cncy  is  for  researchers  to  report  thc  effects  of  grain  size  on 

AT/ AGS  in  terms  of  prior  austenitic  grain  size  when  dealing  with  tempered  bainitic  and  martensitic 
3  20  22  27 

steels.  *  •  •  Researchers  also  tend  to  report  ferritic  grain  sizes  when  dealing  with  plain  carbon  steels  where 

the  structure  is  essentially  ferrite  or  some  mixture  of  ferrite  and  pearlite. 

For  0.02  percent  carbon,  plain  carbon  and  alloy  steels  there  is  reported  to  be  a  slight  increase  in  Charpy 
V-notch  transition  temperature  due  to  the  acicular  shaped  ferrite  grains  over  what  might  otherwise  be  expected 
from  simple  changes  in  ferrite  grain  size  alone.20  This  may  be  due  to  thc  fact  that  the  identical  grain  sizes  were 
developed  by  a  combination  of  furnace  and  air  cooling  from  different  austenitizing  temperatures,  which  means 
that  prior  gamma  grain  size  differences  or  embrittlement  during  cooling  may  have  caused  thc  differences  rather 
than  simply  the  differences  between  polygonal  and  acicular  ferrite  grains. 

For  0.32  percent  carbon,  plain  carbon  steel,  it  was  found  that  of  ferrite  grain  size,  pearlite  island  size, 
pearlite  spacing  and  amount  of  procutcctoid  ferrite  as  it  affects  pearlite  carbon  content,  only  thc  ferrite  grain  size 
showed  any  degree  of  corielation  with  thc  Charpy  V-notch  15  ft-lb  transition  temperature.17  As  the  pearlite 
spacing  is  decreased  in  a  0.80  percent  carbon,  plain  carbon  steel,  thc  hardness  is  increased  and  thc  Charpy  V-notch 
8  ft-lb  transition  temperature  increased,  more  so  for  fine  than  for  coarse  prior  austenitic  grain  size  materials.14 
In  tests  on  SAF.  1045,  2340,  and  3140  having  various  microstructurcs  tempered  to  thc  same  hardness,  thc 
Charpy  V-notch  transition  temperature  of  tempered  martensite  was  always  lower  than  that  of  the  tempered 
pearlitic  structures.3 


Fracture  Path 

The  sudden  decrease  in  impact  energy  shown  by  thc  truly  ferritic,  low  carbon,  little  or  no  alloying  steels 
is  accompanied  or  brought  about  by  a  marked  increase  in  thc  amount  of  cleavage  fracture  and  by  a  marked  re¬ 
duction  in  thc  plastic  deformation  accompanying  fracture/’-  7- 13’ 1 5-  20  Thc  cleavage  fracture  of  thc  ferrite 
grains  initiates  at  thc  ferrite  or  fcrritc-pcarlitc  grain  boundaries.20  Thc  properties  of  thc  ferrite  rather  than  thc 
pearlite  control  notch  toughness  in  killed  and  semikilled  steels,31  Thc  low  temperature  brittle  fracture  in  these 
ferritic  steels  is  primarily  transcrystallinc  cleavage  of  thc  ferrite  grains,  though  there  has  been  reported  an  in¬ 
creased  tendency  to  intergranular  brittleness  with  increasingly  coarse  grains  as  thc  oxygen  content  is  raised 
jd.ovc  0.003  percent.1 '•  l8' 20 
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Hnal  polishing  was  pertormcd  in  two  stages  using  60-cycle  automatic  vibratory  polishers.  The  semifinal  pol¬ 
ishing  bowl  was  covered  with  bleached  silk  cloth  and  a  slurry  of  Linde  A,  distilled  water,  and  aerosol  wetting 
agent.  T  he  final  polishing  bowl  was  covered  with  Gamal  cloth  and  a  slurry  of  Linde  B,  distilled  water,  and 
aerosol.  All  specimens  were  lightly  etched  in  2  percent  Nital  and  repolished  several  times  during  the  final  stages 
of  polishing  to  ensure  the  removal  of  any  smeared  structure  and  correct  development  of  the  rnicrostructure. 

The  inclusion  content  of  the  specimens  was  measured  in  both  the  longitudinal  and  transverse,  through-thc- 
thickness  planes  in  accordance  with  ASTM  Standard  E  45-63,  Determining  the  Inclusion  Content  of  Steel. 
Microscopic  Method  B  was  used  to  determine  the  length  of  the  longest  inclusion,  the  number  and  average  length 
of  all  inclusions  over  0.005  in.  long  and  the  background  rating  including  all  inclusions  less  than  0.005  in.  long. 
The  vibratory  polishing  technique  was  found  to  leave  the  inclusions  intact  and  in  the  specimen. 

The  prior  austenitic  grain  size  was  measured  on  fully-quenched  specimens  taken  from  the  quenched  and 
tempered  fully  martensitic  specimens  in  accordance  with  ASTM  Standard  E  1 12-63,  Estimating  the  Average 
Grain  Size  of  Metal,  using  the  intercept  or  lleyn  procedure.  The  prior  austenitic  grain  size  was  revealed  by  the 
use  of  the  etching  reagents  described  in  Appendix  A.  Comparisons  made  on  several  different  specimens  from 
different  melts  showed  that  both  etches  indicated  the  same  prior  austenitic  grain  size. 

The  percent  of  isothermal  transformation  product  resulting  from  the  isothermal  treatments  was  measured 
for  each  treatment.  The  microspecimens  were  each  etched  in  three  reagents.  Between  each  of  the  reagents,  the 
specimens  were  rinsed  and  dried.  The  triple  etch  consisted  of  (1 )  a  saturated  picric  acid  solution  to  develop  the 
prior  austenitic  grain  boundaries,  (2)  a  one  percent  nital  solution  to  develop  the  structure  in  the  areas  of  temp¬ 
ered  martensite,  and  (3)  a  20  percent  solution  of  anhydrous  sodium  metabisuifite  for  staining  (darkening)  the 
tempered  martensite  areas.  The  last  etch  leaves  the  areas  of  the  tempered  bainite  or  ferrite  white,  in  sharp  con¬ 
trast  to  the  darker  areas  of  stained  tempered  martensite.  The  details  of  these  etching  solutions  and  how  they 
were  used  are  given  in  Appendix  B.  Tire  percent  of  transformation  product  was  estimated  by  superimposing  a 
grid  on  the  specimen  and  determining  the  percentage  of  the  grid  intersections  that  fell  over  each  microconstit¬ 
uent.  Because  of  the  finely  handed  nature  of  the  transformation  product  and  the  high  magnification  (500X 
/T(K)OX)  needed  to  resolve  the  structure,  extreme  care  was  taken  to  systematically  traverse  the  specimen  and 
read  at  least  10  areas  so  as  to  get  a  representative  average  value  to  report. 


EXPERIMENTAL  RESULTS 

CHEMICAL  COMPOSITION 

The  actual  chemical  compositions  of  the  coupons  tested  in  this  study  arc  listed  in  Table  2.  These  analyses 
were  made  by  a  commercial  testing  laboratory  on  material  located  adjacent  It)  the  original  plate  surface  of  the 
coupon.  T  he  material  analyzed  came  from  the  top  5/8  in.  of  the  plate  lull  did  not  include  any  heat  treating  scale 
or  dccirbiirized  plate  sinl.icc  which  would  have  influenced  the  analysis. 

Wet  chemical  analyses  were  performed  for  percent  Carbon  (C),  manganese  (Mn),  phosphorus  (P>,  silicon 
(Si),  nickel  (Nr),  chrome  (Ct ).  molybdenum  (Mo),  copper  (Co),  and  acid  soluble  and  total  aluminum  (Al). 

Spcctrograpluc  analysis  was  performed  to  determine  the  percent  present  of  the  following  trace  elements: 
vanadium  (V).  lead  (pb),  tin  (Sir),  magnesium  (Mg),  coball  (Co)  and  titanium  (Ti).  No  values  are  reported  lor 
Pb.  Su,  and  Mg  m  Table  3  since  they  were  riot  found  to  be  present  in  delectable  amounts.  After  several  samples 
had  been  analyzed  il  was  found  that  V  and  Co  were  picsenl  in  negligible  amounts  and  therefore,  analysis  lor 
these  elements  was  discontinued,  The  producers  informed  the  author  that  the  Co  was  a  tramp  clement 


introduced  by  the  nickel  addition.  The  Co  was  left  in  with  the  nickel  since  it  was  too  difficult  to  remove  and 
since  they  found  that  it  had  essentially  no  effect  on  the  hardcnability  or  properties  of  the  steel.  The  V  was  also 
present  only  as  a  tramp  element  but  it  came  from  a  variety  of  sources  that  went  into  the  make  up  of  a  given 
heat  of  steel. 

Gaseous  analysis  was  performed  for  oxygen  (02),  hydrogen  (H2),  and  nitrogen  (N2).  02  and  N2  are  re¬ 
ported  as  a  percent  and  H2  as  parts  per  million  (ppm)  in  Table  2. 

A  review  of  Table  2  shows  that  in  general  the  range  of  the  alloying  elements  found  in  the  samples  selected 
for  this  study  almost  completely  cover  the  full  composition  range  permitted  for  nickel-chrome-molybdenum 
steels  such  as  ASTM  A  543  and  HY-80.  The  only  element  that  falls  outside  the  combined  range  for  the  two 
steels  is  Mn;  coupons  Y-8  and  Y-10  have  0.49  percent  Mn.  This  is  only  0.04  percent  over  the  0.45  percent 
(0.40  upper  limit  plus  the  allowance  of  0.05  percent  variation  over  the  upper  limit)  maximum  allowed  for 
these  steels. 

METALLOGRAPHIC  ANALYSIS 

The  results  of  the  metallographic  analysis  of  coupons  used  in  this  study  are  given  in  Tables  3, 4,  and  5. 
Table  3  presents  the  results  of  the  inclusion  analysis  of  these  coupons  at  the  mid-thickness  and  adjacent  to  the 
surface  of  each  coupon  in  both  the  longitudinal  and  transverse  directions  on  planes  perpendicular  to  the  plate 
surface  through  the  thickness  of  the  plate.  The  reporting  method  recommended  in  ASTM  E  45-63  is  used  to 
describe  the  inclusion  content.  The  length  of  the  longest  inclusion  at  100X  is  reported  in  units  equivalent  to 
0.005  in.  on  the  specimen  along  with  a  superscript  describing  whether  it  is  grouped  (g),  very  disconnected  (vd), 
or  disconnected  (d).  The  average  length  of  all  inclusions  over  one  unit  long  and  excluding  the  longest  is  reported 
with  a  superscript  denoting  the  number  of  inclusions  averaged.  The  background  rating  A,  B,  C  or  D  corresponds 
to  the  sample  photographs  in  E  45  with  A  being  a  rather  clean  steel  and  D  a  rather  dirty  steel.  Figures  5  and  6 
arc  photomicrographs  (100X)  of  representative  samples  and  will  give  the  reader  a  better  understanding  of  the 
significance  of  the  data  reported  in  Table  3. 

The  prior  austenitic  micro-grain  size  of  each  coupon  is  reported  in  Table  4.  The  grain  size  is  reported  for 
the  as-received  coupon  and  for  the  coupons  after  heat  treatment.  This  table  shows  that  the  coupons  austen¬ 
itized  at  1640  F  had  a  slightly  finer  prior  austenitic  grain  size  than  as-received  coupons,  and  a  slightly  coarser 
grain  size  after  the  2000  F  treatment. 

Hie  percent  of  isothermal  transformation  products  produced  by  the  various  isothermal  treatments  arc 
summarized  for  each  coupon  in  Table  5.  The  large  variation  in  percent  transformation  product  resulting  from  a 
given  heat  treatment  reflects  the  large  range  in  chemical  composition  and  hardcnability  of  these  coupons.  The 
high  hardcnability,  ricli  composition  coupons  had  the  least  transformation  take  place  for  a  given  isothermal 
treatment.  Photomicrographs  of  typical  areas  of  each  coupon  for  each  isothermal  treatment  arc  given  in 
Appendix  C.  The  dark  areas  arc  tempered  martensite  that  has  been  darkened  as  described  in  Appendix  B  and 
the  light  areas  are  tempered  isothermal  products. 

MECHANICAL  PROPERTY  TEST  RESULTS 

Table  6  summarizes  the  mechanical  property  test  results  for  each  heat  treatment;  the  corresponding  micro¬ 
structures  arc  also  included  for  reader  convenience.  The  table  lists  the  longitudinal  tensile  and  compressive 
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properties,  the  NDT  temperature,  and  the  transverse  Charpy  V-notch  impact  properties  at  the  NDT  temperature, 
120  F  and  +  2 12  F  (representative  of  the  maximum  energy  shelf).  All  values  reported  are  the  average  of  two 
specimens.  Also  longitudinal  Charpy  data  are  reported  for  the  few  cases  where  it  was  measured.  Appendix  D 
contains  the  full  Charpy  V-notch  curves  for  most  of  the  coupons.*  The  Charpy  curves  show  the  energy  absorbed, 
the  lateral  expansion  at  the  notch  after  fracture  and  the  percent  fibrous  fracture  appearance  of  the  fracture 
surface. 

DISCUSSION 

A  comparison  of  Tables  1  and  2  shows  that  there  are  some  significant  differences  between  the  producer's 
reported  chemical  composition  of  the  heats  and  the  actual  composition  of  the  coupons.  The  biggest  differences 
are  in  C,  Mn,  P,  and  S  with  the  coupon  values  generally  higher  than  the  producer’s  values.  These  variations  are 
slightly  more  than  what  might  be  expected  from  normal  variation  in  analytical  results  and  from  variation  caused 
by  the  differences  in  the  position  of  the  sample  in  the  heat  of  steel,  and  point  up  the  need  to  check  the  actual 
composition  ol  coupons  being  evaluated  in  laboratory  experiments  rather  than  to  rely  on  the  producer’s  data. 

I  able  2  shows  a  good  compositional  range  for  the  usual  alloying  elements  and  a  fair  spread  for  most  of  the  rest 
of  them. 

Table  3  shows  the  mid-thickness  and  surface  inclusion  content  of  the  coupons.  In  general,  the  material 
adjacent  to  the  surface  is  cleaner  than  at  the  mid-thickness  of  the  coupon.  Even  though  a  good  range  of  in¬ 
clusion  sizes  is  represented  in  these  samples,  it  must  be  pointed  out  that  no  large  continuous  inclusions  were 
found. 

Table  4  compares  the  prior  austenitic  grain  size  of  the  as-received  material  at  mid-thickness  to  the  prior 
austenitic,  gamma  grain  size  that  resulted  from  the  austenitizing  treatments  used  in  this  study.  While  the  as- 
rcccivcd  gamma  grain  size  was  fairly  coarse,  rarging  from  ASTM  8  to  4,  the  treatments  used  in  this  study 
bracketed  an  equally  wide  range  in  gamma  grain  size  of  ASTM  9.5  to  3.0. 

The  isothermal  holding  times  referred  to  in  Tables  5  and  6  arc  time  in  the  hath,  not  actual  holding  times 
at  bath  temperature.  Appendix  E  gives  a  comparison  of  the  actual  timc-tcmpcraturc  history  of  5/8  X  2  X  5  in. 
drop  weigh t  specimens  when  they  arc  transferred  from  1640  F  into  cither  875  or  1200  F  salt  baths  and  com¬ 
pares  it  to  the  cook  g  curves  predicted  using  the  method  of  Sinnott  and  Shync.47  The  mid-thickncss  of  the 
drop  weight  specimen  is  within  20  F  of  875  F  in  about  120  seconds,  a  considerable  portion  of  the  152  second 
treatment  at  875  F  hut  a  reasonable  fraction  of  the  1600  second  treatment.  The  data  indicate  that  the  mid- 
thickness  of  the  specimens  is  within  20  F  of  1200  F  in  about  90  seconds,  which  is  negligible  compared  to  the 
3350  and  8500  second  holding  limes  used  at  1 200  F.  The  important  matter  concerning  holding  times  is  that 
they  produced  a  reasonable  range  in  the  amount  of  microconstitucnts. 

Table  5  reports  the  amount  of  hainitc  produced  during  the  875  F  isothermal  treatments  and  the  amount 
of  ferrite  and  pearlite  produced  by  the  1200  F  treatments.  The  balance  of  the  austenite  that  was  untransformed 
at  che  end  rtf  the  isothermal  treatment  was  completely  transformed  to  martensite  by  the  brine-water  quench  and 
120  F  treatment.  The  amount  of  hainitc  produced  by  the  875  F  treatment  ranged  from  0  to  76  percent  and 
varied  with  the  haidenahilily  of  the  particular  steel  and  the  isothermal  holding  time.  As  would  be  expected,  the 


*  A  few  coupons  (X-4  X-f.  ami  Y-5  and  Y-fi)  only  had  a  pair  of  Otarpy  specimens  tested  at  each  of  the  throe  Indicated 
temperatures.  NI>T,  -  120  F  and  *  212  );.  This  was  not  enough  data  lo  drawn  meaningful  Otarpy  data  curve  so  they  arc 
not  shown. 
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steels  with  the  highest  hardenabilifics  transformed  the  least.  A  similar  effect  was  observed  for  the  1200  F 
isothermal  treatment,  the  amount  of  ferrite  ranging  from  0  to  69  percent.  Only  four  of  the  1200  F  treatments 
produced  measurable  amounts  of  pearlite,  ranging  front  4  to  32  percent;  these  steels  were  low  hardenability,  low 
Ni,  and  low  Mn  compositions.  The  fact  that  only  four  samples  had  pearlite  in  the  microstructure  must  be  con¬ 
sidered  during  the  subsequent  discussion  of  the  effects  of  microslructurc  on  the  NDT  temperature.  There  are  so 
tew  points  that  not  much  confidence  should  be  placed  on  the  estimated  effect  of  pearlite  as  opposed  to  the  other 
microconstituents.  It  must  be  pointed  out  that  one  normally  would  not  find  pearlite  in  the  microstructure  of 
this  low-carbon,  Ni-Cr-Mo  alloy  steel  unless  something  were  grossly  wrong.  Any  discussion  of  the  effect  of 
pearlite  is  of  academic  rather  than  practical  interest. 

Table  6  gives  a  summary  of  the  microstructure,  tempered-bainitc,  -ferrite,  -pearlite,  and  -martensite,  'longi¬ 
tudinal  mechanical  properties,  the  drop  weight  NDT  temperature,  and  transverse  and  longitudinal  Charpy  V -notch 
impact  properties  resuiting  from  the  various  heat  treatments.  Because  of  the  uniform  1 150  F  temper,  the 
strengths  reported  here  are  more  characteristic  of  an  HY-100  steel  rather  than  an  HY-80  steel.  The  variations  in 
strength  reflect  the  variety  of  chemistries  studied  and  the  different  initial  hardnesses,  the  slightly  different  re¬ 
sponses  to  tempering,  and  the  different  microstructurcs.  The  mechanical  property  data  in  Table  6,  the  chem¬ 
istry  data  in  Table  2,  the  inclusion  content  data  in  Table  3,  the  prior  austenitic  grain  size  data  in  Table  4  and  the 
microconstituent  data  in  Table  5  were  combined  to  form  the  set  which  is  the  basis  of  this  analysis.  In  summary, 
the  1 15  data  points  represent  the  27  different  coupons  and  constitute  the  sample  used  in  this  analysis. 

INDEPENDENCE  OF  VARIABLES 

When  performing  a  regression  analysis  to  determine  the  functional  relationship  between  a  dependent  vari¬ 
able  and  more  than  one  independent  variable  (in  this  case  NDT  temperature  and  such  things  as  composition, 
microslructurc  and  strength),  it  is  obvious  that  the  magnitude  of  each  independent  variable  must  be  randomly 
distributed  relative  to  the  magnitude  of  each  other  independent  variable;  otherwise  it  will  be  difficult  if  not  im¬ 
possible  to  apportion  a  part  of  the  observed  changes  in  the  dependent  variable  to  one  or  another  independent 
variable.  In  experiments  where  the  investigator  is  melting  his  own  material  he  can  ensure  independence  between 
the  independent  variable  he  wishes  to  study  by  careful  randomization  in  statistically  designed  experiments.  In 
this  case  we  have  27  coupons  with  a  wide  variation  in  chemical  composition  and  mechanical  properties.  In  this 
study  to  ensure  independence,  or  at  leas!  tv)  ensure  that  there  was  not  a  strong  correlation  between  the  variables 
considered,  the  data  making  up  the  sample  (115  data  sets)  were  run  on  a  correlation  matrix  as  described  in 
Reference  43. 

The  results  from  this  correlation  matrix  arc  summarized  in  Table  7,  showing  the  cross-correlated  variables 
with  a  correlation  coefficient  from  0.85  to  0.999.  fable  7  gives  a  numbered  list  of  the  83  variables  considered 
and  indicates  which  variables  arc  related  to  another  for  three  ranges  of  correlation.  The  identification  numhci 
of  the  variable  having  the  indicated  level  of  correlation  is  listed  next  to  each.  For  example  VI  •Sample  Number* 
is  strongly  related  (correlation  from  0.900  to  0.949 >  to  variables  1 0  and  I  5  (amount  of  eoppet  and  amount  of 
cobalt).  A  look  at  Tattle  2  shows  that  this  is  indeed  the  case.  Producer  -V  has  much  less  copper  in  his  melts  than 
producer  )'  and  cobalt  was  measured  only  on  coupons  from  producer  X. 

•Sample  number  was  derived  by  numbering  the  coupons  from  producer  X  in  the  one  hundreds  and  those  trom  producer  Y 
as  the  two  hundreds,  lor  example,  material  from  coupon  X-4  was  identified  in  the  data  set  as  10.1  and  material  fiom  coupon 
Y-l t  as  21 t. 
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Of  the  individual  alloying  elements,  V8-Amt.  Cr  is  slightly  related  to  VI  5-Amt.  Co,  related  to 
V50-V7X  V9-NixCr,  the  product  of  Amt.  Ni  times  Amt.  Cr,  a  variable  representing  an  interaction  effect,  and 
highly  related  to  V79-VvSxV8-CrxCr,  a  second  order  effect  in  this  variable  itself.  Table  7  shows  that  many  of 
the  interaction  effects  and  higher  order  effects  using  a  given  variable  are  strongly  correlated  to  that  variable  and 
may  not  be  capable  of  being  properly  evaluated  using  these  data.  For  example,  the  effect  of  total  aluminum  may 
not  be  separable  from  the  effect  of  acid  soluble  A!  in  these  data,  VI 1  and  VI 2.  Similarly,  ultimate  tensile 
strength,  V27,  tensile  yield  strength,  V28,  and  compressive  yield  strength,  V31  are  so  strongly  correlated  as  to 
be  difficult  to  evaluate  individually,  and  thus  each  must  be  regarded  as  just  a  different  way  of  quantifying  the 
“strength”  of  the  sample. 

Of  interest  in  Table  7  is  the  failure  of  most  of  the  Charpy  V-notch  properties  at  +210  F,  — 120  F  and  even 
at  the  NDT  temperature  itself  to  correlate  with  the  NDT  transition  temperature  of  this  steel.  It  is  not  surprising 
that  Gross21  was  able  to  obtain  only  a  ±50  F  correlation  between  Charpy  V-notch  and  drop  weight  NDT  transi¬ 
tion  temperatures  for  the  variety  of  steels  he  was  using,  since  the  Charpy  transition  properties  measured  in  the 
present  study  did  not  correlate  very  well  with  NDT  temperature.  Of  the  Charpy  impact  properties,  only  V36 
-  120  F  Pet  Fiber  has  a  correlation  coefficient  greater  than  0.47,  and  it  was  0.82.  Gross  did  not  try  to  correlate 
this  with  NDT.  The  present  study  was  not  able  to  relate  Charpy  and  NDT  transition  temperatures  even  though 
this  steel  (a)  was  a  single  grade,  (b)  had  carefully  controlled  heat  treatments,  (c)  had  the  drop  weight  specimen 
crack  starter  bead  deposited  before  heat  treatment  to  eliminate  the  effects  of  a  heat  affected  zone  under  the 
brittle  bead,  and  (d)  that  the  Charpy  specimens  were  taken  from  the  drop  weight  specimen  used  to  measure  NDT. 

SINGULARLY  SIGNIFICANT  VARIABLES  AFFECTING  NDT 

The  correlation  matrix  can  perform  an  important  function  for  the  data  analyst  by  giving  an  indication  of 
those  independent  variables  that  by  themselves  have  a  linear  relationship  with  the  dependent  variable.  The 
correlation  matrix,  Table  7,  showed  that  only  three  variables  have  a  fairly  high  linear  correlation  with  NDT 
temperature;  they  arc: 

1.  V20  -  Prior  Austenitic  Grain  Size,  r  -  -0.78 

2.  V3(>  -  Percent  Fibrous  Fracture  at  -  120  F,r  =  —0.82 

3.  V64  -  Gamma  Grain  Size  X  TYS, r  -  -0.77 

'Hie  next  seven  best  variables  have  correlation  values  with  NDT  temperature  ranging  between  0.4  and  0.48;  the 
rest  of  the  variables  were  lower.  These  seven  variables  and  their  values  were: 

1.  V33  -  Cv  Fncrgy  absorbed  at  the  NDT  Temperature,  r=  0.48 

2.  V2I  -  Percent  Kainitc.r  =  0.47 

3.  V24  Percent  Martensite, r  =  0.43 

4.  V4  -  Amount  of  Phosphorous,  r  =  0.4 1 

5.  V37  -  Cv  Fncrgy  Absorbed  at  +21 0  F,  r  =  0.4 1 

6.  V61  TixNj.r  =  —0.41 

7.  V45  CrxN2,r  =  0.40 

The  correlation  of  romc  of  these  factors  with  NDT  temperature  is  understandable.  V20  -  Prior  Gamma 
Grain  Size  has  been  reported  in  the  literature  to  be  a  significant  variable  affecting  the  transition  temperature  of 


tenured  martensitic  and  bainitic  steels, u- ,2-  29> 36-  37- 41- 44  as  has  strength.27- 3S* 38- 42>  44> 45  However,  the 
correlation  between  NDT  temperature  and  the  interaction  between  austenitic  grain  size  and  tensile  yield  strength 
(7TS),  V64,  is  more  than  likely  due  In  this  case  to  the  dominating  effect  of  changes  in  ASTM  grain  size  number 
on  a  relatively  constant  106  i  10  ksi  tensile  yield  strength  and,  as  shown  later,  will  not  prove  to  be  statistically  or 
practically  significant  in  the  multiple  variable  analysis.  Tire  Charpy  V-notch  fibrous  fracture  appearance  at  — 120  F, 
V36,  has  a  strong  correlation  with  NDT  temperature.  *t  is  logical,  since  - 120  F  is  close  enough  to  the  NDT 
temperature  of  most  of  these  samples  for  the  percent  fibrous  fracture  appearance  to  give  a  good  indication  of  the 
change  in  impact  ductility.  It  is  interesting  to  note  that  the  Charpy  V-notch  energy  absorbed  at  - 120  F,  V35, 
has  only  r  =  -0.37  in  the  correlation  matrix,  reflecting  the  fact  that  the  producer’s  original  mill  rolling  practice 
has  introduced  a  large  variability  in  the  energy  absorbed  and  markedly  reduced  its  level  of  correlation  with  the 
NDT  lempcrature. 

The  seven  variables  with  correlation  values  between  |0.40  and  0.48|  are  obviously  not  dominant  factors 
affecting  NDT  temperature  and  require  evaluation  in  terms  of  multiple  regression  to  see  if  they  still  contribute 
significantly  to  the  observed  variation  in  NDT  temperature  when  they  are  included  with  a  more  dominant  factor 
such  as  prior  gamma  grain  size.  As  will  be  subsequently  shown,  the  inclusion  of  a.  singularly  dominant  variable 
in  a  multiple  regression  analysis  will  eliminate  almost  all  of  the  variables  that  show  a  markedly  lower  singular 
correlation. 

RESULTS  OF  REGRESSION  ANALYSIS  ON  NDT 

Almost  100  computer  analyses  were  made  using  the  regression  analysis  program  XlRE  and  the  statistical 
methods  described  in  Reference  43  to  evaluate  the  functional  relationship  between  the  NDT  temperature,  V32, 
and  the  other  82  variables  listed  in  Table  7.  In  the  initial  computer  analyses  about  15  variables  selected  for  their 
mutual  independence  were  selected  to  determine  their  functional  relationship  to  NDT  temperature.  The  Charpy 
V-notch  impact  values  were  not  included  since  they  arc  just  another  aspect  of  the  transition  from  ductile  to 
brittle  impact  fracture  characterized  by  the  NDT  temperature  itself.  One  criterion  for  selection  of  significant 
independent  variables  was  that  the  term  coefficient,  Bi  in  the  computer  output,  consistently  demonstrate  that  it 
was  statistically  significant,  i.c.,  not  likely  to  be  zero  in  several  regressions  with  a  variety  of  other  variables.  As 
described  in  Reference  43,  this  requires  that  the  term  regression  coefficient  divided  by  the  standard  deviation  of 
the  coefficient,  T in  the  output  tables,  be  greater  than  some  value  of  *7,”  Student  *7,”  based  on  the  degrees  of 
freedom*  (DF)  for  that  particular  run  and  a  confidence  level  of  at  least  90  percent.  Because  of  the  large  sample 
size  (here  1 1 5  data  sets)  the  usual  value  of  acceptance  was  about  |7l  >  1 .70  since  small  changes  in  a  large  value 
OF  do  not  affect  the  value  of ‘7”  much.  Another  requirement  for  acceptance  was  that  additional  terms  should 
significantly  improve  the  functional  relationship  as  evidenced  by  statistically  significant  improvements  in  the 
multiple  correlation  coefficient  R  and  the  standard  deviation  Sx.y,  i.c.,  reduce  the  residual  variance  not  accounted 
for  by  the  terms  in  the  regression  equation.  It  was  noted  that  if  an  additional  term  or  terms  significantly  im¬ 
proved  R  it  also  significantly  improved  Sx.y,  sec  examples  4-  1 1  in  Reference  43. 
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Composition  and  Producer 

Tiie  results  of  many  regression  analyses  can  be  summarized  by  saying  that  most  of  the  alloying  additions 
and  alloy  interaction  terms  failed  to  indicate  a  consistent  and  statistically  significant  relationship  to  NDT  temper¬ 
ature.  This  is  not  surprising  since  the  range,  minimum  to  maximum,  of  each  element  present  is  a  result  of  com¬ 
mercial  melting  practice  specifically  aimed  at  trying  to  stay  within  procurement  specification  limits*  as  opposed 
to  an  artificially  large  range  as  would  be  the  case  in  laboratory  melts  designed  to  explore  the  effect  of  a  specific 
alloy  addition. 

The  only  element  that  displayed  a  measurable  effect  was  hydrogen;  Table  2  shows  that  it  ranged  from  0  to 
12  ppm  with  a  typical  value  of  0  to  2  ppm.  As  a  result,  even  though  hydrogen  content  is  statistically  significant, 
its  total  effect  is  small,  about  2F/ppm  H2,  resulting  in  a  0  to  +  24  F  change  in  NDT  transition  temperature. 

The  producer  also  turned  out  to  be  a  statistically  significant  variable.  The  producer  was  coded  as  1  for 
producer  X  and  2  for  producer  Y  for  the  regression,  and  the  results  indicate  that  the  NDT  temperature  of  mate¬ 
rial  made  by  producer  Y  is  about  24  F  less  than  that  made  by  producer  X,  everything  else  being  equal.  In  the 
sample  of  1 15  data  sets,  76  represent  material  made  by  producer  X  and  39  represent  material  made  by  producer 
Y.  The  reason  underlying  this  observation  is  not  simple  chance  and  may  be  due  to  either  some  compositional 
difference,  such  as  amount  of  P  or  Cu  which  by  themselves  were  not  consistently  significant,  or  some  difference 
in  mill  practice.  In  any  case,  the  summation  of  differences  is  great  enough  to  make  the  producer  a  significant 
variable  that  must  be  included  in  the  regression  analysis  equation. 

Prior  Austenitic  Grain  Size 

As  indicated  in  Table  4,  the  prior  gamma  grain  size  represented  in  this  sample  ranged  from  ASTM  9.5  to 
ASTM  3,  and  was  varied  by  changes  in  austenitizing  temperature  and  holding  time,  in  this  study  1 640  F  for 
1/2  hr  and  2000  F  for  I  hr,  as  well  as  by  changes  in  composition  from  heat  to  heat.  The  regression  analysis 
confirmed  the  importance  of  grain  size  reported  in  the  literature  and  showed  that  adding  a  second  order  grain 
size  term  did  not  significantly  improve  the  correlation. 

It  is  interesting  to  note  that  these  results  indicate  that  the  Pctch  linear  relation  between  the  15  ft-lb 
Cltarpy  V  notch  transition  temperature  T and  ferritic  grain  diameter  r/,  i.  c„  T-  AQ  +A  j  In  of  ferritic 

steels  has  a  linear  corollary  for  martensitic  steels  and  drop  weight  NDT  temperature.  ’ 46  As  shown  previously, 
the  Fetch  relationship  can  be  expressed  as  a  linear  function  of  ASTM  grain  size  (AO,  T=  C  +  D  (N).  In  terms  of 
NDT  temperature  and  prior  austenitic  grain  size,  it  can  be  written  NDTT  =  #()  +  H j  (y(7S);  this  is  lb  r  form  of 
the  regression  results  given  in  Table  8.  The  correlation  matrix  and  the  regression  analysis  both  indicate  that  this 
simple  linear  relationship  will  acount  for  about  80  percent  of  the  observed  variability  in  drop  weight  NDT 
temperature  of  the  IIY-80  steels  studied. 

An  additional  factor  that  must  be  considered  when  discussing  prior  austenitic  grain  size  is  that  final  gamma 
grain  size  prior  to  quenching  reflects  the  interaction  of  a  number  of  variables  such  as: 

I.  Austenitizing  temperature.  Tire  higher  the  temperature  above  the  upper  critical,  the  coarser  will  be 
the  gamma  grain  size  with  controlled  grain  size  steels  tending  to  retain  finer  grain  sizes  until  their  grain  coarsening 
temperature  is  exceeded. 
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2.  Compositional  variations.  If,  as  in  the  present  case,  the  austenitizing  time  and  temperature  are  fixed, 
composition  changes  will  cause  the  difference  between  the  upper  critical  temperature  (AC3)  and  the  austenitizing 
temperature  to  vary  slightly.  Composition  changes  that  increase  this  difference  will  result  in  a  coarser  gamma 
grain  size.  Increasing  C,  Mn,  Ni,  Cu,  N2,  B,  Cb,  and  Zn  or  decreasing  Cr,  Si,  Mo,  Ti,  W,  V,  Sn,  Al,  P,  and  Zr  will 
tend  to  increase  the  prior  austenitic  grain  size  if  the  austenitizing  treatment  is  held  constant  for  a  hypoeutcctoid 

steel.48-54  v;::,7'w: 

3.  The  longer  the  time  at  the  austenitizing  temperature,  the  coarser  the  gamma  grain  size,  especially  at 
temperatures  above  the  grain  coarsening  temperature  for  controlled  grain  size  steels. 

4.  Deoxidation  practice  or  addition  of  grain  refiners  such  as  Al,  Si,  V,  Ti,  Mo,  W,  and  rare  earth  addi¬ 
tions  will  affect  or  inhibit  gamma  grain  growth. 

Such  compositional  variations  would  account  for  the  range  in  gamma  grain  size  resulting  from  the  1640  F 
for  1/2  hr  austenitizing  treatment;  Table  4  indicates  that  gamma  grain  size  ranged  from  7  to  9.5  for  this  treatment. 
No  attempt  was  made  to  pinpoint  a  specific  compositional  variation  for  this  difference  in  grain  si.:e,  but  a  quick 
review  of  the  chemistry  data  in  Table  2  indicates  that  the  two  heats  that  resulted  in  grain  size  7  ( X-3  and  F-l  1) 
had  the  lowest  nitrogen  contents,  0.003  and  0.002  percent,  respectively  versus  an  average  value  of  0.007  percent. 
Whether  or  not  this  is  the  underlying  cause  for  the  difference  can  not  really  be  settled  from  these  experiments. 
However,  it  has  been  reported  in  the  literature  that  Al  additions  combine  with  nitrogen  to  form  aluminum 
nitrides  that  inhibit  grain  growth.52  . 

Microstructure 

The  previous  studies  reviewed  herein  showed  that  the  tempered  martensitic  structure  generally  had  the 
lowest  transition  temperature  and  that  bainitic  structures  arc  intermediate  to  those  of  the  same  steel  treated  to 
produce  martensite  or  ferrite.  Hall  indicates  that  grain  size  has  an  effect  on  transition  temperature  of  the  same 
order  as  that  of  degree  of  hardening.51  The  data  in  Table  5  show  that  the  steels  tested  had  been  treated  to  pro¬ 
duce  from  0  to  69  percent  bainite  with  the  balance  martensite  and  from  0  to  67  percent  ferrite  with  the  balance 
martensite,  except  in  four  cases  where  there  was  some  pcarlitc  formed  during  the  final  part  of  the  1200  F  treat¬ 
ment.  Up  to  32  percent  pcarlitc  was  found. 

Table  9  gives  the  regression  results  for  the  effects  of  percent  microconstituents  on  NDT  temperature 
allowing  for  the  effect  of  prior  austenitic  grain  size,  expressed  as  ASTM  grain  size  number;  100  percent  tempered 
martensite  is  the  implicit  baseline.  Linear  regression  terms  arc  used  since  higher  order  and  interaction  terms  were 
not  found  to  statistically  improve  the  relationship.  The  results  show  that:  (1 )  bainite  raises  the  NDT  transition 
temperature  about  one-half  a  degree  per  percent  ;  (2)  ferrite  lowers  the  NDT  transition  temperature  about  three- 
fourths  of  a  degree  F  per  percent;  (3)  pcarlitc  raises  the  NDT  temperature  about  5  F  per  percent;  and  (4)  refining 
the  prior  austenitic  grain  size  lowers  the  NDT  transition  temperature  about  20.4  F  per  unit  increase  in  ASTM 
grain  size  number.  Thus,  one  sees  that  changes  in  prior  austenitic  grain  size  expressed  in  terms  of  ASTM  grain 
size  have  an  effect  on  the  NDT  temperature  that  is  about  an  order  of  magnitude  greater  than  the  effect  of 
percentage  changes  in  microconstilucnts  of  the  I JY -80  steel  studied  here. 

A  question  might  arise  as  to  whether  there  is  a  change  in  controlling  effect  on  NDT  temperature  by  the 
type  of  grain  size,  t.  c.,  prior  austenitic  or  ferritic,  as  the  amount  of  isothcrmally  produced  ferrite  increases. 

This  question  can  be  answered  either  by  metallographic  examination  of  the  fracture  path  in  the  broken  specimens 
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or  by  a  graphical  analysis  of  the  difference  between  experimental  and  calculated  values  of  the  NDT  temperature 
as  a  function  of  the  ferrite  content.  The  latter  method  has  been  selected  to  answer  this  question  since  such  a 
graph  can  be  quickly  prepared  from  the  back  calculation  data  in  the  regression  analysis  computer  output,  where¬ 
as  the  former  would  require  the  laborious  preparation  of  a  series  of  metallographic  specimens. 

Figure  7  is  a  plot  of  the  difference  between  the  experimentally  observed  NDT  temperature  and  the  calcu¬ 
lated  value  (Dh  =  Y  -  YC)  using  the  regression  results  of  Tabic  10  for  those  specimens  which  contained  a  meas¬ 
urable  amount  up  to  69  percent  or  ferrite.  This  shows  that  there  is  a  slight  tendency  for  the  calculated  value  of 
the  NDT  temperature  to  be  high,  but  this  tendency  is  essentially  confined  to  those  very  fine  prior  austenitic  grain, 
8.5  to  9.5,  specimens  containing  only  a  trace  of  ferrite.  Examining  this  figure  shows  that  there  does  not  appear 
to  be  a  systematic  difference  between  experimental  and  calculated  value  as  the  ferrite  (and  pearlite)  is  increased 
to  large  amounts,  until  as  little  as  8  percent  martensite  remains  in  a  matrix  of  69  percent  ferrite  and  23  percent 
pearlite.  Sec  Figures  Cl,  C16  and  C17  in  Appendix  C  for  the  photomicrographs  of  tier  predominately  ferrite 
and  pearlite  microstructurcs. 

Judging  by  the  results  of  regression  analysis  of  these  data,  it  is  likely  that  prior  austenitic  grain  size  remains 
the  dominant  factor  controlling  NDT  temperature  of  this  steel,  even  as  the  amount  of  ferrite  is  increased  to  over 
50  percent  and  significant  amounts  of  pearlite  are  found.  This  is  confirmed  also  by  the  relative  magnitude  of 
the  term  coefficients  for  prior  austenitic  grain  size  and  percent  ferrite  in  Table  10,  which  show  that  a  change  of 
one  ASTM  grain  size  number  has  about  100  times  as  much  effect  in  determining  the  NDT  temperature  as  a 
change  of  one  percent  ferrite,  — 19  F/ASTM  G.  S.  number  versus  -0.2  F/Pcrcent  Ferrite. 

No  attempt  was  made  in  the  present  study  either  to  deliberately  vary  ferritic  grain  size  or  to  deliberately 
vary  the  prior  austenitic  grain  size  before  the  1200  F  transformation,  even  though  the  prior  gamma  grain  size 
ranged  from  ASTM  7  to  9.5.  While  Gcil  et  a!.4  have  reported  some  data  on  the  relative'  effects  of  feriite  and 
prior  gamma  grain  size  on  the  Charpy  transition  temperature  of  0.3  C  steels;  they  came  to  the  conclusion  that 
ferritic  grain  size  is  more  important.  It  must  be  pointed  out  that  they  only  changed  the  gamma  grain  size  from 
50  percent  ASTM  4  plus  50  percent  ASTM  6-7  to  ASTM  7-8  with  few  4-5  in  three  heats  of  an  unkilled  steel. 
Neither  of  these  experiments  has  varied  the  prior  gamma  grain  size  enough  to  say  with  certainty  that  either  pre¬ 
dominantly  controls  transition  temperature  in  ferritic  steels.  A  definitive  set  of  experiments  remains  to  be  done 
on  the  relative  effects  of  prior  austenitic  grain  size  and  ferrite  grain  size  of  the  ferritic  steels. 

Inclusion  Content 

Examination  of  Table  3  and  Figures  5  and  6  shows  that  the  inclusions  observed  and  measured  in  these 
samples  were  small  and  uniformly  dispersed  in  a  way  that  should  not  have  affected  the  measured  NDT  tempera¬ 
ture.  This  was  confirmed  by  the  regression  analysis,  which  showed  that  the  inclusion  content  of  these  samples 
did  not  correlate  with  the  observed  variations  in  NDT  temperature  of  the  11Y-80  steel  studied. 

Strength 

Reference  44  ..hows  that  the  strength  level  of  MY-80  steel,  varied  by  tempering  at  various  temperatures  for 
one  hour  and  then  quenching,  has  a  strong  correlation  with  the  NDT  temperature  of  the  steel.  Tire  NDT  tempera¬ 
ture  increases  as  the  strength  is  increased.  The  tensile  yield  strengths  measured  for  the  1 15  data  sets  that  mak 
up  the  sample  being  analyzed  have  an  average  value  of  106  ksl  and  a  standard  deviation  of  10.2  ksi.  Over  such  a 


restricted  range  a  linear  approximation  should  adequately  describe  the  effect  or  strength  on  NDT  temperature 
".<n  though  a  higher  order  function  would  be  required  for  a  wider  range. 

Table  10  shows  the  results  ot  linear  regression  analysis  for  the  effects  of  producer,  gamma  grain  size,  per¬ 
cent  microconstituents  (bainile,  ferrite  and  pearlite)  and  tensile  yield  strength  in  psi.  These  results  show  for 
these  data,  after  accounting  lor  the  other  variables,  that  tensile  yield  strength  contributes  to  determining  the 
NDT  temperature  only  in  a  minor  way,  about  0.68  F  per  1000  psi  increase  in  tensile  yield  strength.  This  is 
slightly  less  than  the  3  to  4  F  per  1000  psi  shown  graphically  in  Reference  44  for  the  range  in  tensile  yield 
strength  (TVS)  from  100  to  120  ksi  for  coarse  and  fine  grained  material  respectively.  The  reason  for  this 
difference  in  AT/ATYS  between  the  two  studies  is  that  this  study  covers  a  slightly  wider  range  in  tensile  yield 
strength,  from  about  86  to  about  126  ksi,  which  includes  the  range  from  80  to  100  ksi  that  Reference  46  shows 
has  little  or  no  effect  on  NDT  temperature,  as  opposed  to  the  100  to  120  ksi  range  where  tensile  yield  strength 
has  about  the  maximum  effect  on  NDT  temperatures. 

Analysis  of  other  computer  runs  shows  that  higher  order  strength  terms  and  terms  expressing  an  interaction 
between  austenitic  grain  size  and  either  strength  or  microconstituents  do  not  significantly  improve  the  correlation 
for  these  sets  of  data  Correlations  based  on  ultimate  tensile  strength  (UTS)  show  no  statistical  or  practical  im¬ 
provement  over  those  based  on  tensile  yield  strength. 

The  data  in  Reference  44  shows  that  strength  level,  as  changed  by  variation  in  tempering  temperature,  has 
a  larger  effect  on  NDT  temperature  than  is  indicated  in  this  study.  This  is  due  to  the  fact  that  in  Reference  44 
the  strength  was  varied  by  tempering  for  one  hour  at  temperatures  ranging  from  400  to  1 330  F  to  produce  a 
tensile  yield  strength  ranging  from  161  to  81  ksi  in  the  tempered  martensitic  structure  alone;  in  the  present  study 
the  tensile  yield  strength  ranged  from  only  107  to  122  ksi  in  the  100  percen'  martensitic  structure  tempered  at 
1 1 50  F.  Reference  44  also  shows  that  the  functional  relationship  between  strength  and  NDT  temperature  can¬ 
not  be  represented  over  the  full  range  of  strength  by  a  simple  higher  order  polynomial  and  thus  does  not  lend 
itself  to  regression;  in  fact,  it  would  appear  from  Reference  46  that  even  higher  order  interaction  terms  arc  re¬ 
quired  to  represent  the  interaction  between  strength  and  microstructure.  Such  a  study  is  not  warranted  here 
since  the  graphs  shown  in  Reference  44  clearly  demonstrate  the  complexity  of  this  interaction. 

Summary  of  Factors  Controlling  NDT  Temperature 

Figure  K  gives  a  series  of  graphs  showing  various  aspects  of  the  function  relationship  between  the  signifi¬ 
cant  variables  and  NDT  temperature  of  1IY-80  steel  given  in  Table  10.  The  range  of  each  variable  shown  in  these 
plots  is  limited  to  approximately  the  range  of  the  input  data  used  to  develop  this  relationship.  These  plots  are 
intended  to  give  the  reader  a  visual  understanding  of  the  significance  of  the  relationship  and  a  feeling  for  the 
relative  effect  ol  small  changes  in  each  variable.  Figure  8a  shows  the  functional  relationship  between  NDT 
temperature  and  prior  austenitic  grain  size  in  terms  of  microconstituents  and  producer  when  the  tensile  yield 
strength  is  fixed  at  a  typical  value,  100  ksi,  Figure  Kb  shows  the  functional  relationship  between  NDT  tempera¬ 
ture  and  relative  amounts  of  nonmartcnsitic  mieroconstilucnls  in  terms  of  prim  austenitic  grain  size  for  one 
producer  and  a  fixed  strength  level,  100  ksi.  In  Figure  He  the  relationship  between  tensile  yield  strength  and 
NDT  temperature  is  shown  in  terms  of  amount  of  nonmartcnsitic  microconstituents  ami  prior  austenitic  grain 
st/c;  the  range  in  tensile  yield  strength  has  been  limited  to  the  range  observed  experimentally  in  Table  (>. 

This  study  Iras  shown  that  under  carefully  controlled  condition'  which  eliminate  the  possibility  of  retained 
austenite  and  of  temper  embrittlement  due  to  slow  cooling  alter  tempering,  tire  dominant  factor  controlling  the 


NDT  temperature  of  a  low-carbon,  Ni-Cr-Mo  steels*  such  as  HY-80  is  the  prior  austenitic  grain  size.  The  results 
in  Table  10  and  Figure  8  show  that  prior  austenitic  grain  size  has  from  four  to  100  times  as  much  effect  on  NDT 
temperature  as  either  the  percent  nonmartensitic  isothermal  products,  percent  bainite,  ferrite  and  pearlite,  in  a 
tempered  martensitic  matrix  or  the  tensile  yield  strength.  The  significant  variables  and  the  relative  effect  they 
had  on  the  NDT  temperature  of  the  Ni-Cr-Mo  steel  used  in  this  study  are: 


Variable 

Range 

Effect  on  NDT 

Producer 

(Coded  1  or  2) 

-21.9  F 

Prior  Austenitic 
Grain  Size 

(3  to  9.5) 

-19.2  F/ASTM 
Grain  Size  Number 

Percent  Bainite 

'0  to  7 6  percent) 

0.62  F/Percent  B 

Percent  Ferrite 

(0  to  69  percent) 

-  0.23  F/Perccnt  F 

Percent  Pearlite 

(0  to  32  percent) 

5.4  F/Perccnt  P 

Tensile  Yield 
Strength 

(61.5  to  124.7 
ksi) 

0.68  F/Ksi 

The  repression  analysis  equation  is  expressed  mathematically  under  Table  10. 

The  standard  deviation  (Sx.y)  of  this  correlation  is  18.3  F  and  the  multiple  correlation  coefficient  (R)  is  0.90 
with  an  associated  degrees  of  freedom  of  108.  Higher  order  terms  and  interaction  terms  did  not  significantly 
improve  the  correlation. 

The  value  of  the  standard  deviation  for  the  correlation  reported  herc.Sxv  =  18.3  F  is  close  to  the  theo¬ 
retical  limit  of  the  best  possible  correlation  based  on  the  ±10  F  repeatability  of  the  drop  weight  test  determina¬ 
tion  of  the  NDT  temperature  and  the  repeatability  of  measurement  of  the  supposedly  fixed  valued  independent 
variables.**  For  example,  a  repeatability  of  ±1/2  in  the  ASTM  prior  gamma  grain  size  measurements  would 
indicate  that  the  best  possible  value  of  Sx.y  for  the  regression  would  be  about  ±15  F.  Because  of  the  small  con¬ 
tribution  of  the  other  variables  to  NDT  temperature  variation,  small  errors  in  their  measurement  would  not  con¬ 
tribute  as  much  to  the  magnitude  of  the  standard  deviation  for  the  regression  as  would  an  error  in  the  measure¬ 
ment  of  the  prior  austenitic  grain  size.  However,  the  effect  of  the  errors  associated  with  each  of  the  independent 
variables  plus  the  variation  in  the  experimental  determination  of  the  NDT  temperature  indicates  that  the  value 
of  the  standard  deviation  associated  with  the  final  regression  equation  given  in  Table  10,  Sx.y  *  18.3  F,  is  close 
to  the  theoretically  best  possible  functional  iclationship  between  a  set  of  variables  and  the  ND'I  temperature, 
lower  values  can  be  a’tained  but  only  by  using  a  set  of  dummy  variables  that  would  have  no  true  significance. 

The  producer  who  melted  the  steel  and  rolled  out  the  plate  is  a  significant  variable  when  analyzing  the 
variables  affecting  NDT  temperature.  This  is  attributed  to  basic  differences  in  composition  and  mill  practice  that 
could  not  be  quantified  by  themselves  but  arc  lumped  together  in  this  variable. 

No  chemical  composition  terms  (otlici  than  amount  of  hydrogen)  weic  found  to  consistently  correlate 
witli  NDT  temperatures,  and  the  low  level  of  hydrogen  found  in  these  tests,  typically  0  to  2  ppm,  results  in 


‘ASTM  A  54 >65  and  MII.-S-I62I6G  (SIIII'S). 

“Regression  analysts  programs  such  as  the  one  used  to  analyze  these  dat.T*  ^  assume  the  error  is  associated  with  the  depen¬ 
dent  variable  and  that  the  independent  variables  are  exact  values.  While  this  is  not  the  true  case,  it  is  a  commonly  used  assump¬ 
tion,  "the  more  rigorous  technique  has  computational  and  analytical  disadvantages  that  are  discussed  by  ('.toss  in  Reference  21. 


little  practical  effect  on  NDT  temperature,  2  F  per  ppm  Hr  The  failure  of  other  alloying  and  trace  elements  to 
significantly  affect  NDT  temperature  isattributed  to  the  effect  of  these  elements  on  the  prior  austenitic  grain 
size  which  in  itself  is  the  dominant  factor  controlling  NDT  temperatures  Treasured  in  these  tests.  In  addition, 
the  alloying  and  trace  elements  affect  the  microstructure  and  strength  through  their  influence  on  quantity  and 
type  of  transformation  product  produced  by  austenite  decomposition,  ferrite  strength,  temperability,  secondary 
hardening  and  susceptibility  to  temper  embrittlement,  and  through  their  effect  on  strength  and  microstructure 
exert  an  effect  on  the  secondary  factors  that  determine  NDT  temperature. 

The  steel  used  in  these  studies  was  relatively  clean  and  free  from  inclusions.  Inclusion  content  was  not 
found  to  be  a  significant  variable  affecting  the  NDT  temperature. 

The  range  of  tensile  yield  strength  produced  by  this  study  was  rather  limited  by  the  decision  to  use  a  single 
(1 150  F)  tempering  treatment  for  all  samples;  the  mean  value  was  106  ksi  and  ranged  from  124.7  ksi  for  the 
highest  strength  tempered  martensitic  structure  to  61 .6  ksi  for  the  lowest  strength  structure  containing  large 
amounts  of  tempered  ferrite  and  pearlite  and  the  least  tempered  martensite.  Reference  44  indicates  that  the 
rather  small  effect  of  strength  on  NDT  temperature  (0.68  F/ksi)  is  related  to  the  limited  range  of  strengths  ob¬ 
tained  in  this  study.  Reference  44  indicates  that  there  should  be  an  interaction  between  strength  level  and  micro- 
structure  in  their  effect  on  the  NDT  temperature;  this  was  not  observed  to  be  the  case  in  the  present  study,  again 
probably  due  to  the  limited  strength  range. 

The  order  of  magnitude  of  the  effect  of  prior  gamma  grain  size  on  the  NDT  temperature  found  in  this 
study,  -19  F/(-y(7.V),  is  of  the  same  order  of  magnitude  as  that  reported  in  the  literature  for  both  ferritic, 
bainitic  and  martensitic  steels,  in  terms  of  ferritic  and  prior  austenitic  grain  sizes  respectively.  In  plain  carbon 
steels  a  unit  increase  in  the  ASTM  ferritic  grain  size,  A aGS,  will  reduce  the 'transition  temperature  22  F  on  the 
average  with  the  change  ranging  from  +9  to  -39  F.2'  6’  7’  13, 17, 18,  24,  28,  31  Drop  weight  NDT  test  of  a 
ferritic  steel  gave  -  1 1  F/AaO'.5.24  Pearlitic  steels8  (C 1080  and  C 1095)  and  steels  air  cooled  and  tempered3 
(SAE  1045,  2340,  and  3140)  had  AT/AyGS  ranging  from  -  17  to  a*-  125  F  per  unit  change  in  prior  austenitic 
grain  size.  In  a  study  of  the  effect  of  impurity,  P  and  Sn  level,  AT/AyGS  ranged  from  -4  to  -42  F  per  unit 
change  in  prior  austenitic  grain  size  in  a  0.3  C,  2.0  Ni,  0.75  Cr  steel  with  the  value  increasing  with  impurity  level 
and  embrittling  treatment.*-3 

—  1/2 

The  linear  dependence  of  transition  temperature  of  ferritic  steels  on  ferrite  grain  size,  T~  +  /1,  In  D~ 
reported  by  Fetch.30, 40  and  of  pearlite,  0.84  and  0.95  C,  steels  on  prior  austenitic  grain  size  reported  by  Gross 
and  Stout1  ('  is  in  agreement  with  the  linear  dependence  of  NDT  temperature  on  prior  austenitic  (ASTM)  grain 
size  observed  for  the  martensite  MY-80  steel  used  in  this  study.  Irvine  and  Pickering27  report  that  the  transition 
temperature  of  low-carbon  bainitic  steels  increases  in  an  S  shaped  relationship,  third  order,  with  increasing  prior 
gamma  grain  diameter  as  varied  by  reheating  to  various  austenitizing  temperatures.  Rcplottting  their  data  on 
semilog  graph  paper  shows  that  the  transition  temperature  of  low-carbon  bainitic  steels  also  varies  in  an  approxi¬ 
mately  linear  manner  with  the  logarithm  of  the  grain  diameter.  The  results  of  the  present  study  indicate  that  a 
low-carbon  tempered  martensitic  steel  such  as  MY-80  also  has  a  linear  relation  between  NDT  temperature  and 
prior  austenitic  grain  size  as  expressed  in  ASTM  grain  size  numbers.  This  relationship  is  not  affected  by  appreci¬ 
able  amounts  of  isothermally  produced  bainile  and  ferrite  in  a  structure  tempered  at  1 150  F. 


CONCLUSIONS 

The  following  conclusions  are  based  on  the  results  of  a  study  on  the  effects  on  the  NDT  temperature  of: 

(I )  commercial  variation  in  composition  and  inclusion  content,  (2)  variation  in  microstructurc,  prior  austenitic 
grain  size  and  rnicioconstituents  produced  by  quenching  and  by  partial  isothermal  transformation  at  1200  and 
875  F  to  produce  ferrite  and  bainite  prior  to  quenching,  and  (3)  variation  in  strength  level  after  an  1150  F 
temper  for  one  hour  followed  by  a  water  quench  to  prevent  embrittlement  while  cooling  from  the  tempering 
temperature. 

The  steel  used  in  these  studies  is  a  high  toughness,  low  impact  transition  temperature,  quenched  and 
tempered  Ni-Cr-Mo  steel  of  the  type  made  to  ASTM  Standard  A  543-65  and  Military  Specification  MIL-S-16216G 
(SHIPS).  Sixteen  coupons  were  obtained  from  one  producer  and  eleven  coupons  from  another.  The  average 
composition  of  the  steels  used  in  this  study  are  given  below: 


0.18  Percent  C 

0.10  Percent  Cu 

0.36  Percent  Mn 

0.032  Percent  Acid  Soluble  Al 

0.01 6  Percent  P  t. 

0.040  Percent  Total  Al 

0.019  Percent  S 

0.002  Percent  Ti 

0.30  Percent  Si 

0.014  Percent  02 

2.75  Percent  Ni 

0.007  Percent  N2 

1.51  Percenter 

.1  ppm  H, 

0.38  Percent  Mo 

_  ‘ 

FACTORS  AFFECTING  THE  NDT  TEMPERATURE 

The  results  of  this  study  show  that  the  NDT  temperature  of  the  low-carbon  Ni-Cr-Mo  steel  tested  is  prima¬ 
rily  determined  by  a  single  variable  and  that  the  other  significant  variables  act  in  a  secondary  way.  The  conclu¬ 
sions  drawn  from  this  study  arc  as  follows: 

I.  Using  a  tempered  100  percent  martensitic  microstructurc  as  the  baseline,  the  significant  variables 
acting  to  determine  the  NDT  temperature  measured  .in  this  study  and  their  relative  (from  Table  10)  effects  are- 


Variable 

Range 

Effect  on  NDT 

Producer 

(Coded  1  or  2) 

-21.9  F 

Prior  Austenitic 
Grain  Size 

(3  to  9.5) 

-19.2  F/ASTM 
Grain  Size  Number 

Percent  Bainite 

(0  to  76  percent) 

0.62  F/Perccnt  B 

Percent  Ferrite 

(0  to  69  percent) 

-  0.23  F/Perccnt  F 

Percent  Pearlite 

(0  to  32  percent) 

5  ,4  F/Pcrcenl  P 

Tensile  Yield 
Strength 

(61.5  1"  124.7 
ksi) 

0.68  F/Ksi 

Thc  effe«  I'l-  a  unit  change  in  prior  austenitic  grain  size  on  NDT  temperature  is  one  and  onc-half  to  two  orders  of 
magnitude  greater  than  the  effect  of  either  a  percentage  change  in  the  amount  of  isolhermally  produced  bainite 
and  lerrite  or  a  1000  psi  change  in  tensile  yield  strength. 

NDT  Temperature  (!•)  =  -77  -  22  (Producer  I  or  2) -19.2  (yGS) 

+  0.62  (Percent  B)  --  0.23  (Percent  F)  +  5.4  (Percent  P) 

+0.68  (TYS  in  ksi)  "v  ;  V;  y 

2.  A  linear  function  of  the  significant  terms  gives  the  best  expression  of  the  functional  relationship  be¬ 
tween  these  variables  and  the  NDT  temperature  since  it  was  found  that  higher  order  and  interaction  terms  did 
not  significantly  improve  the  correlation. 

3.  No  chemical  composition  terms  were  found  to  consistently  correlate  with  measured  NDT  tempera¬ 
tures  in  a  statistically  significant  manner,  except  for  the  amount  of  hydrogen  in  the  steel,  and  the  low  lev*-'  of 
hydrogen  found  in  these  steels,  typically  0  to  2  ppm.  results  in  little  practical  effect  on  NDT  temperature,  2  F 
per  ppm  Ik.  The  failure  of  alloying  and  trace  elements  to  significantly  affect  NDT  temperature  is  attributed 
primarily  to  the  fact  that  these  elements  interact  with:  (a)  the  austenitizing  treatment  to  control  prior  austen¬ 
itic  grain  size;  (b)  the  transformation  product;  (cl  tempcrability  ?.:id  final  strength  of  the  steel;  and  (d)  basic 
susceptibility  to  embrittlement  during  normal  tempering,  as  well  as  the  fact  that  ranges  in  the  amount  of  each 
clement  were  so  restricted  by  the  specifications  and  commercial  melting  practice  as  to  make  it  impossible  to 
detect  their  relatively  weak  effect  on  a  sound  statistical  basis. 

4.  The  inclusion  content  was  not  found  to  be  a  significant  factor  affecting  the  NDT  temperatures 
measured  in  these  studies. 

5.  The  weak  correlation  between  tensile  yield  strength  and  NDT  temperatures  observed  in  this  study, 
as  opposed  to  tire  strong  effect  reported  in  References  44  and  45  is  attributed  to  the  limited  range  of  strengths 
produced  by  the  1 150  F  temper  used  on  ail  material  in  the  present  study. 

6.  The  linear  relationship  between  ASTM  prior  austenitic  grain  si/e  and  NDT  temperature  of  the  low- 
carbon  Ni-Cr-Mo  steel  used  in  this  study  is  similar  to  the  linear  dependence  between;  (a)  prior  austenitic  grain 
diameter  and  the  transition  temperature  of  low-carbon  hainitie  steels  reported  by  Irvine  and  Pickering;27 

(b)  prior  austenitic  grain  si/c  and  the  transition  temperature  of  pcarlitic  0.84  and  0.95  C  steels  reported  by 
Gross  and  Stout,  1  and  (e)  the  logarithm  of  the  ferritic  grain  diameter  and  the  transition  temperature  of  ferritic 
steels  reported  by  Fetch. ^ 

7.  The  results  of  these  studies  indicate  that  the  steel  producer  is  a  statistically  significant  variable  that 
can  account  for  about  22  !•  of  the  observed  variation  in  NDT  temperature,  depending  upon  which  producer 
made  the  steel;  i his  is  attributed  to  a  combination  of  small  compositional  differences,  such  as  amount  of  P  or 
Cu  which  by  themselves  were  not  consistently  significant,  and  to  differences  t«vm.'ll  practice.  In  any  case,  these 
results  indicate  that  the  producer  is  a  significant  variable  that  should  be  considered  ,o  any  analysis  of  variables 
affecting,  the  NDT  temperature  of  low-carbon  Ni-Cr-Mo  steels. 


21) 


ACKNOWLEDGMENT 

n™,  r  t 

"  W™1  !»'  "»  I'nivcrtity  of  Mk.,,iga„  0„(,  NSRDC  da,J  a  bj!,!  '«  3 

. „ZC  7;"',,,8,a'CMy  aCt’"’*d«tS  —  -  —■«  0m  by  Protestor  M.  S,„„o„  !lnJ 

:  5  d0C""1"  cm"",hl«  f™»  »*  University  of  Michigan  «j  by  M,  A  li  Wiling,  „r  the  r  , 

. 

.  S  ,VI11'  S-  »'  A8"“'"rrb.  Uelisville,  Maryland,  fo,  bit  advice  mtl  m„mec  „„ 

r  j — -  *  - . -  - 


s 


;!o 


(If  ovoll jbl«) 

figure  3a  —  Location  of  Test  Specimens 
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figure  3b  -  Details  of  Layout  of  Charpy  V-Notch  Specimens 

F  igure  .3  -  Location  of  Mechanical  Property  and  Transverse  Charpy  V-Nolch  Impact 
Specimens  Made  from  Tested  Drop  Weight  Specimens 
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l;igufe  4  -  Ideation  of  Longitudinal  Charpy  V-Notch  Impact  Specimens 
Made  from  Special  Specimen  Blocks 
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Figure  5a  -  Mid-Thickness, 
Longitudinal 


Reproduced  from 
best  available  copy. 


Figure  5b  -  Mid-Thickness 
Transverse 


Figure  5c  --  Adjacent  to 
Surface,  Longitudinal 


Figure  5d  -  Adjacent  tc 
Surface,  Transverse 


Figure  5  -  Photomicrographs  of  the  Inclusion  Content  of  Coupon  ^f-18 


Figure  6a  -  Mid-Thickness.  Figure  6b  -  Mid-Thickness, 

Longitudinal  Transverse 


Reproduced  from 
best  available  copy. 


Figure  6c  -  Adjacent  to 
Surface,  Longitudinal 


Figure  6d  -  Adjacent  to 
Surface,  Transverse 


Figure  f>  Photomicrographs  of ihe  Inclusion  Content  of  Coupon  )'•! 
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Figure  7  -  A  Plot  of  the  Difference  between  Calculated  and 
Experimental  NDT  Temperature  of  Material  Containing 
from  a  Trace  to  69  Percent  Ferrite 
versus  Ferrite  Content 
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Figure  8a  -  Functional  Relationship  between  NDT 
Temperature  and  Prior  Austenitic  Grain  Size  in 
Terms  of  Microconstituenls  and  Producer 
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Figure  8b  -•  Functional  Relationship  tv  tween  NDT 
Temperature  and  Microconstituenls  in  Terms  of 
Prior  Austenitic  Grain  Size 
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Figure  8c  •  Functional  Relationship  between  NDT 
Temperature  and  Tensile  Yield  Strength  in  Terms 
of  Microeonsutucnfs  and  Prior  Austenitic 
Grain  Size 


Figure  8  -  Plots  Showing  the  Relative  Effect  of  Prior 
Austenitic  Grain  Size,  Producer  Percent  Nonmarten- 
sitic  Isothermal  Transformation  Produce  (Bainite, 
Ferrite  and  Pearlitc),  anil  Tensile  Yield  Strength 
on  the  NOT  Temperature  of  a  l.ow-Carhon 
Ni-C’r-Mo  Alloy  Steel  Tempered 
at  1 1  50  F 
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TABLE  4 


Prior  Austenitic  Grain  Size 

SPECIMEN  AS  RECEIVED  MATERIAL  AUSTENITIZING  TREATMENT  * 

NUMBER  MID-THICKNESS  1640  F-l/2  HR-W.O.  2000  F-l  HR-W.Q. 


X-  1 

6 

8.5 

X-  2 

6 

8 

X-  3 

5 

7 

X-  A 

6 

9.5 

X-  5 

A 

8.5 

X-  6 

7 

8* 

X-  8 

5 

8.5 

X-  9 

6 

8.5 

X-10 

A 

9.5 

X-ll 

6 

8.5 

X-12 

8 

8.5 

3 

X-13 

6 

8 

3 

X-18 

5 

9.5 

5 

X-15 

7 

8.5 

5 

X-16 

5 

9.5 

6 

X-17 

6 

8.5 

6 

1 

Y-  1 

7 

8.5 

Y-  2 

7 

9.5 

Y-  3 

7 

-  8.5 

Y-  4 

5 

9.5 

Y-  5 

6 

8.5 

Y-  6 

5 

9.5 

Y-  7 

5 

8.5 

Y-  8 

7 

8.5 

Y-  9 

5 

8.5 

Y-10 

7 

8.5 

Y-ll 

A 

7 

*  AFTER  AUSTENITIZING  AND  QUENCHING*  -120  F  1  HR* 
TEMPERED  AT  1150  F  1  HR  THEN  WATER  QUENCHED. 
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TABLE  5 

Percent  Microconstituents  Produced  by  Various  Isothermal  Treatments 


AUSTENIT 12 IN6 


TEMPERATURE 

TINE 

16*0  F 
1/2  HR 

ICAO  F 
1/2  HR 

16*  0  r 

1/2  HR 

16*0  F 
■  1/2  HR 

2 COO  F 

I  HR 

ISOTHERMAL 

TEMPERATURE 

TIME 

B7S  F 

1 52  SEC 

B7S  F 
1600  SEC 

1200  F 

3350  SEC 

1200  F 

8500  SEC 

875  F 
1600  SEC 

MICRO- 

CONSTITUENTS 

BAINITE 

BAINITE 

FERRITE  PEARLITE 

FERRITE  PEARLITE 

BAINITE 

COUPON  NUMBER 


X-  1 

29 

5* 

31 

0 

67 

11 

X-  2 

1* 

5* 

TRACE 

0 

2 

0 

X-  3 

21 

31 

0 

X-  * 

2 

11 

0 

X-  5 

1 

0 

0 

X-  6 

a 

1 

0 

X-  8 

l* 

5 

0 

X-  9 

7 

26 

0 

X-10 

1 

TRACT 

0 

X-ll 

0 

0 

0 

X-12 

1 

50 

TRACE 

0 

1 

0 

63 

X-13 

1* 

60 

TRACE 

0 

TRACE 

0 

67 

x-ia 

TRACE 

21 

0 

0 

0 

0 

S6 

X- 15 

1 

27 

0 

0 

0 

0 

58 

X- 16 

0 

16 

TRACE 

0 

TRACE 

0 

58 

X-17 

0 

32 

0 

0 

TRACE 

0 

30 

T-  1 

53 

50 

32 

T-  2 

9 

*1 

22 

0 

53 

« 

V-  3 

76 

69 

23 

y-  * 

1 

39 

7 

0 

21 

0 

y-  5 

3 

17 

0 

y-  6 

1 

12 

0 

y-  7 

1 

3 

0 

y-  8 

1 

1 

0 

y-  9 

6 

2 

0 

y-io 

* 

1 

0 

y-n 

27 

63 

3 
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b.  Ilainites  will  exhibit  ragged  grain  boundaries,  with  this  becoming  more  pronounced  at  the  lower 
transformation  temperatures,  in  general,  it  may  also  be  said  that  the  bainites  will  not  exhibit  the  large  flat 
Mucky  areas  of  the  ferrite  but  will  be  smaller  and  peppered  with  darker  areas  of  martensite  or  precipitated 
carbides;  this  becomes  more  pronounced  as  the  transformation  temperature  is  lowered. 

3.  A  smeared  structure  or  an  oxidized  surface  will  make  proper  evaluation  of  the  results  of  this  tech- 
nii|ue  impossible. 


APPENDIX  C 

PHOTOMICROGRAPHS 

OF 

MICROSTRUCTURES 


Preceding  page  blank 


no 


I  mm*  l'2a  14  Percent  Hairtite  -  86  Percent  Martensite 
875  1  152  See 


Figure  C2b  -  Trace  Ferrite  -  100  Percent  Martensite 
1  200  1-  -  3350  Sec 


1  ipwie  C2c  5-1  Percent  il.iinitc  -lf>  Percent  Martensite 
875'  IMlt)  Se. 


Figure  (’2d  2  Percent  !)8  Percent  Martensite 

1200  1  8500  See 


( 'mppeil  1  nil  NuniPcr  \  2 

I  igtin-  (  :  NT  i :  in  tine  ( I  ( H  K )  X  )  >0  Specimens  Imtn  Ciopix't!  I  -.ml  Numbet  X-2  Austenitized  at 
i  (  !  '  U.crmally  I  tc  ileil  al  X75  |- ami  1  200  1  ,  ami  Then  Tempeteil  al  1150  1' 


•  >>7‘ 


'■•  **  \jfr , 0?$;$#*. * v  i^5EE** ■2$&& 4  ,  * <• 

S  V.-k  Vi^V-^vw^  f  V‘m'v*Tv -'5  V- 


I  igiifc  02c  -  2  Percent  Malnite  98  Percent  Martensite 
875  1  152  See 


figure  C3d  1 1  Percent  ferrite  -  89  Percent  Martensite 
1200  1  2250  Sec 


Cropped  l.rnl  Number  X-4 


figure  C.2  Mil  rostniclttrc  (IOOOX)  of  Specimens  from  (.’topped  Kmls  X-3  am!  X-4  Austenitized  ;it 
I  MO  T,  Isolltermally  Treated  at  K75  I-  and  1200  I",  and  Then  Tempered  at  !  150  F 


Figure  (’5a  -  14  IVrccnt  Haini(c  -  '<5  Percent  Martensite 
875  F  -  152  See 


I’igurc  C5b  -  5  Percent  Ferrite  -  95  Percent  Martensite 
1 200  F  -  3350  See 


I  tgiirc  C5c 


7  Percent  Hainite  -  93  Percent  Martensite 
8  75  F  152  Sec 


Figure  C5tl  -  25  Percent  Ferrite  -  74  Percent  Martensite 
1200  F  -  3350  Sec 


Cropped  Pint  Number  X-9 


I  triUL-  C5  Micrnsiriiclutc  ( I000X)  ol  Specimens  Irtun  Croppctl  Foils  X  H  anil  X  O  Austenitized  at 
I  ti  ll)  F,  Isotlicrmally  Treated  at  K75  l;  anil  1200  F,  anil  Then  Tempered  at  1 150  F 


I  ij-.iiu-  ('6  Mil' |  l(H)OX)  ol  Speii  mens  Imm  ('tuppcil  I1. mis  X- 10  ;iml  X  I  1  AustchMi/ed  ;ii 
I  (iK)  I  I  .uiliri  mally  I  iiMii’il  ;il  X7r>  |;  ami  1200  !• ,  a  ml  TIrmi  I  ompi'H'd  a  I  I  I  Ml  I- 


•T\’  'v-.-sv..  *7  J'tfte** 

!  .«  •'  ■•  v*> ‘.JM-  »  *'  S  1/ 


I  ijrure  C'lOa  -  21  Percent  It;:  ini  I  c  -  70  Percent  Martensite 
875  1'  1600  See 


I-'igurc  Cl  Oh  -  56  Percent  llainile  -  44  Percent  Murtensiti 
875  !•'  -  1600  Sec 


Cropped  I'm!  Number  X-18 


Reproduced  from 
best  available  copy. 


Reproduced  from 
best  available  copy 


l-'igurc  Clii  100  Percent  Martensite 
K75  I  1 52  Sec 


I’ignrc  Cl  2I>  -  Trace  I  erritc  --  100  Percent  Martensite 
I  200  r  -  3350  Sec 


Reproduced  from 
best  /ivailablc  copy. 


linnet  '12c  |f>  P •unit  li.itm  l>-  H-l  Peru-lit  Martensite 

K7S  I  H.nO  Set 


■  \ ..v>,  %vX ?(3$x w • '  v-v , 

l  iniie  (  I2d  ’I race  I  eirtte  -  100  Percent  Martensite 
I  200  I  K500  Sec 


(  '(..itrseil  f  nil  \llilnKa*r  V ..  1  ft 


I  ifn re  I  12  Mo  i "Miik  lure  ( 1  UOO.X )  ol  Specimens  I  tom  (  tupped  I1  ml  Nmiibot  X-  K>  Ans!entti/ed  at 
IfrlO  I  .  f  m  it  I  tei  inaf  I  v  I  re. lied  at  S75  I  ami  I2UU  I  .  and  I  lion  Tempered  at  I  150  I’ 


'v-1 


I  ij’uio  (  I  .lj  16  Percent  llaiuite  84  IV  no  til  Martensite 
S75  I  1600  Set 


lijrurc  Cl  3b  58  Percent  Itainito  -  4  2  Percent  Martensite 
875  I-  -  1600  Set- 


Reproduced  from  gf< 

hesl  available  copy. 


Cropped  I  rid  Number  X-16 


u?  t  *  <  r 

I  /&  v  i  v  K  Mw-Sw 

*&*-;/  ftL  ^  *•  4.W 


&*>’■■'*  "j§fAr-3Eff 


%r  "  r’i 


.  •  .  J'  *  . 

«  '■  •  *+'*.* 

r  • 


I  U'lifc  (  1  u  l.'  IVfM'nt  l'.im»l«*  f.S  l,,urnt  M.irfcnsito 
X7S  |  If.' Hi  Sot 


w  S , 

A.  ,  r  • 


v-:  ••■'  '•  ' 


I  4’iite  Cl  61  to  Percent  Haiiulo  70  Percent  Marten. He 
875  1  1600  Sec 


(  Topped  I  ltd  Number  X  17 

l.-ore  Cl'  I  I  I.  .  Is  ■  :!  I’riol  \  1 1 S 1 1*  1 1 1 1  k  (  .1  .lilt  Nl/0  HI)  I  Ilf  M  k  I  o'.t  UK  lUlf  I  !  t  )f  )()X  )  t*l  (l''|'|'fll  I  I  ids  ,V  I  f>  8  In  I  \ 


l  i^ure  C ' ! 4 a  100  Percent  M  trtcnsitc 

H75  I  1  5 2  Sec 


I'igurc  ('Mb  -  100  Percent  Martensite 
1 200  (•  -  3350  Sec 


Reproduced  from 
besi  available  copy. 


!  t,  ir<  (  l-tt  17  IVn  eril  It.nmn  fit-;  IVnent  Martensite 
H 7 5  I  IMIOSci 


t  i>:uie  ('1‘ltl  I  race  lernlc  100  Percent  Martensite 
I  300  I  H500  See 


I  rnppeil  I  ml  Number  X- 1  7 


1  1'iue  (  I  '  Me .ms  1 1  in  line  (  I  liliOX )  nl  Specimens  I  min  (  topped  Inti  Number  X-l  7  Austcnilt/cd  a  I 

I  Mi)  (■,  I'.utl.eiiu.iiiv  I  leaieil  at  X75  |  and  I  200  I',  ami  Then  lem|>eted  at  1150  1-' 


Reproduced  from 
best  available  copy. 


I  lyuic  (  I  7a  7  lYrccnl  Hatnile  -  71  IVrccnl  Martensite 
K75  I  I  5 2  Set 


I'igure  Cl  71)  22  IVrccnl  I  errite  -  7K  Percent  Martensite 

1200  1  -  3350  Sec 


I  ipu  r  e  1  I  /»  II  IVr,  i  it!  Oii.iitc  77  Percent  Mailensitc 
K7‘:  I  11.00  7,., 


I  (pure  (  170  53  IVrccnl  I  errite  4  I'ei.ciil  I'e.t tlite 

4  3  IVicenl  Mar  (ensile 
I  200  I  K 500  Sec 


<  i.ipi'ed  I  ml  Nuinliei  V- 2 


I  ip i! o-  (  1  '  Mi  i o  ,ir  ii,  1 1 iii’  (  I  ()()() X  )  ( > I  Specimens  limn  ( Sopped  Hid  \  tunin' i  Y  2  Aiisleniii/ed  at 
I  (Mi;  I  I  m  it  lie;  1 1 1 . 1 1 1  v  1 1,'alci!  at  x75  |  ami  I  3(10  I  ,  and  I  lien  I  empered  at  I  ISO  |  ■ 


*5, 

53' 


I  iinire  C'l  He  1  Percent  Itainite  99  Percent  Martcn-atc  I'iguro  Cl  Sb 

S75  I  152  See 


7  Percent  Ferrite  -  97  Percent  Martensite 
1  200  !•  -  7350  Sec 


Reproduced  Irom 
best  available  copy. 


.  Vv  Vem  ?X ".wh: 

.  '."-V  \i\k\  *.*■ 


I  ,  .ire  (  I  He 


l*i  IV fv i‘*H  H.Jinifr  *  I  !*■ 
X7  S  |  1  MWi 


put  M,t« t »* n  tlo 


-AvV.  V/  \  /'  ivi*’. 
S-eii'-A^F  %'i 


i*  . 

-  <  ( 


.  1. 


’  -*•  .  ...  .‘/v 

'  V Xv*  ./ 

4p»l  1  %  /O-  J  .. 

vifflr/<  •<;<;  - 

■ 

-  eS 


l«W*! 

H  V^'ji*** 

■  ,v 


'  <-  •  H  •  2.:  f;  !  ekVJt'jfli 

„  H  |.‘  v-  bL-iVTr  s  ■■ 

•  v  .  •  '3-'  •»■  • 


I  ij-nre  (  It'll 


31  Pi-. ent  !  ernte  '9  Percent  M..rteiiMte 
I  30‘t  |  See 


(  i •  *(»| >i-il  I  n.t  Niinil'i-i  7  ! 


nr-C;  V 

I  I 


■  I  I  tit  10 \  )  ul  Spci  nil.  its  limn  t  i.'j'pe  l  I  tld  Nimin.-i  V  1  '.ii-.ieiiili/cii 
llv  I  ic.it.'.i  at  S7S  |  aiiii  I .’(«)  J  .iih!  I  licit  Ict.tjvicil  a*  1150' 


Z£33 


mmyi 


«S£«?5 


n>me  C22a  27  Percent  Hainite  -  7.1  Percent  Martensite 
875  I  !  5 2  See 


1  igure  C’22b  -  .1  Percent  l  errite  -  97  Percent  Martensite 
I2«0  I  '  -  3350  Sec- 


Reproduced  from 
best  available  copy. 


re  <  27c  t.l  Percent  llamitc  17  IVnent  Martensite 
8711  H.ltOSei 


I  unite  C22i!  4-1  Percent  Penile  Sf.  Percent  M.iMetisiti 

I  20(1  I  85(1(1  Sei 


<  rnppeil  I  ml  Nninl’ei  V- 1  I 


I  teure  (  Mi  i  r  i  is  I  m.  tine  (  1 1  )OI)\  )  ii|  Spec  1 1  nens  I  mm  (  top]  ‘Oil  I  nil  Nut  tibei  Y  I  I  AustetiiH/eil  a 

I  (.  t! t  i  |  ,i itli'  i in. ills  I  ic. ile'!  at  K75  I-  ami  I  .'(H)  b ,  anil  1  lien  I  euipeteil  at  I  I  M)  |: 


APPENDIX  D 


CHARPY  V-NOTCH  IMPACT 
PROPERTY  CURVES 


Preceding  page  blank 


;ATt?Ai  [.PAV.10S 
*  f  PSACT,J^C 


Fieure  D1  -  Transverse  and  Longitudinal  Charpy  V-Notch  Impact  Data  for  Specimens  Austenitized  at  1 640  F  for  1/2  Hour 

Wau  r  Quenched  and  Tempered  at  1  150  F  for  1  Hour 


T3 

O 

3 


51IWNI  NOISNVdXl  lYUlJYl 

lowsvjdY  junioYS)  snosaii  iNishid 

si-1)  HI  A5li»H  HYdWI  M310H  A  AdMYH!) 


i'll  V.  HI  NOISNVdXl  lYdllYl 
3DNVHY3ddY  3MI3VIH  SnoH8ljlN1D«M 
51  1**11  A083N313YdVYI  HDION  A  AdHVMD 


'.Hr1.  V  W,SYd*1  IrdilYl 

IV.rdY.HY  IcnnYYl  '.noddii iMjdlj 
81  II  HI  I'll,  8.1  I'lrdvVI  Ml  IT.  A  »dXY«} 


O  o  n 


s  H  5  s’  w  >•  K  Sf  2 . r"’s 

Wirt  HI  Hr.|\HVd<l  lrdilYl 
nsriyVidY  IdnnYNi  inodliiiHljflld' 

81  II  SI  A’)«MlJYd>M  town  A  A,t8»lO 


3 

C 


C 

c 

O 


JDNVHVUdV  inniDVHf  snow^l J  lNlDWld 
01  IJ  U\  AOH  )N3  UVdWI  HDION  A  AdHVH? 


3DNYHV3ddV  luniDVMJ  SflOHflH  INfttild 
81-U  «t  A0H1N3  lOVdWf  HDION-A  AdMVWD 


Cl 

OJ 

3 

O/v 

il 


*1IWM  Wr>YYdYpy>t1iyl  SUWNI  M)ISNVd*3  IVMJIVI 

DSVWY^dV  Diniovdi  snn«0i  jjNnHld  13NY«YlddV  IHOIDVBI  SflOHRU  tMDKld 

11  ilNf  ntdM  *010*4  A  AHKVM3  gi  u  NJ  4qm*}  nvrfVM  *OJONA  AdWVVO 


m 


cure  D1  (Continued) 


s 


.j  M.|SW»n*ctllYl  S  U VS  N I  NOISSY.O!)  lyjlUYl 

i>sv.-v».t»  Ivinvi  ymiti<  iitiib  KwmvWdv  lennvHl  snonsn  lN»mi 

(i  1  KM  a ’in  JS  t  1  tv, I  A!  M  lifts  A  '  81  H  W  A98JN?  nvdWI  H310N' A  AdHOO 


r'-U 

;£|fhi 

SSt 

if 


(X) 

\ 

\ 

\ 

1 

%\ 
r-;  I 
.e  I 

ii 


*  •>  v*. 

■  5-  »• 

•  «•  ° 


S' 


$  £S  -  ‘ 


*  K 

tUl 


OXI  U 


b 

Sr  S 


f] 

M 

8 

8 

,8 

I 

R 

o 

!« 
■js 
8 
-1 3 
S 


i? 

i\l 

■  * . i — is 

ri  ^ 


\\t 


sUtt  Nl  N0ISNV«|*1  W»)1Y1 
nsvKvu.fv  j«onvMi  snoHflH  inidnw 
51  1IM  OMi  >v.!rtt  »O|0s  A 


‘V? 

1 


\  «? 


6  <v 


—  a 


-  r?  ; 

/  :• 


<on 


W  $  &5 


<  -l 
i 

A 

\ 

b  ii)  crj 

l'r  ly  ii' 


til  <* 

v  £  ”  A '  " 


S II VV  SI  NO  I  SNV(jx)  lVrtlirl 
DNmVw  ?«nrjvH*  \no*an  r.rjuu 
evii  m  AOHisi  nv.n4.!  »♦  'imn  a 


*r-.  k 
-v.  A 

W  - 

!  ”  R- 


1 

ig 

••  ,*s 


on 

I 


I 

Is 

51 


U 

|h 

,'h 


/  >  ,* 1 
V  1"  r*  -* 
r.  •'  r: 


4\. 


,  ■>:/■ 


»  ./  • '  e  j>  M  '■*  >  ’ 

,  N  A  Nl  VI I  !,Nf«l»  1  W-Htt 
:*.-»¥  i^y  »>♦'"  iv“  *  <JN  1 1-1 

1 1  Nl  * \>i  M  I  >V  l  »V  “  'h-'4.  A  H*Y»0 


<V 

1 

1 

\ 

1 

l 

\ 

S  \ 


'  \ 

\ 


-  h'  - 

«}-.a  r: 


fKJ 


1 

1 

1 

1 


\ 


fKi 


_■  A 

-  y 


'V.  \ 

I 

a- 


Si,. 


k: 


Sllrt  Nl  NOI  VNV4»  I  lYhljYl 
DNYHVlUt  l«nntM  N'lO'ifiM  IN  111!  V; 
81  II  M  A  OH  INI  nY.|,S'  »<  ’iON  A  MrfV*) 


!v 

i  W 


SS 


•  »ns*i  [«p»v.toN>wrl5i  ‘*vf  ^  t*Tfp»i  >;ip*nsic>siwusi 

\HS5tXl1.  IS»CTi.’R?  j_  O  MIB»OUl  f»ACtU»£ 

‘.VPC'  ill  tJi  ll0j  a  LNfPGr  fFT-lBi 


S1!W  Nl  NOI SNVJX1 1VB11V1  S1IWNI  NOISNVdX3  1X831X1 

iDNXBViddy  3»niDvm  '.noNdii  iNioaid  3DNvsx3ddy  ihiidvhi  snossu  iNnsid 

81-UNI  UMM)  nvdWI  MOlON-AAdByHD  81-UNI  A083N3DVdWI  H310N-A  AdHVM 


*tix>v  NOr.Nxd'l  lxBHyi 

UNyuyW-iy  jwinym  snonsu  ivnuld 

flr  iini  i'jaM  i)yjy#i  MjiON  a  >d»y"l 


siiivNi  NoisNy>i»3  lymivi 
myHVlfdX  IBnnyHl  yiOH8U  IN3.1H)d 
81  UNI  AOIlM  I3VJ1VI  M3I0N  A  tdMX>0 


80 


Figure  D1  (Continued) 


<300 

R  2~'g" "»  s~e~ aT’a  a  sF~r~2 

S1UV  Nl  N0ISNV.1X1  1VM11V1 
nNVHYUH*  lMniDva;  inoasii  in138W 
am  Nl  AD81N!  lOVdWI  N3I0N  A  Ad9Y»3 


8  : s  »'  /  >.  y  w  i 


S1I.V  Nl  N0(  iNvd *  1  lvullvl 

UNVAtHdv  '.nomiM  inuxm 

91  IIV  MUON  A  i)<NyiO 


91IWNI  NOISNVdXl  NH1IV1 
33NV8v1ddV  1«ruDY«J  9008811  3N1383d 
81-31  Nl  A081N3  IDVdWI  H310N-A  AdHVHO 


g 

is 

I  a 
is 


7. 


*S' 


O  O 


ft  « 
✓ 


ft  « 
«• 

tt* 


<p 


-a 
•  a 


<3on 


L - 1 - 1 - i - J - i_ _ L _ J _ i _ ,__J _ x _ j  W 

^  O  ^  ^  g  p  ^  ^  ^  j—j  q  AO 

siiwni  NOisNVdxj  rymivi 
33NV9VUdir  18(113X91  9008811  INIOXVj 
81  UNI  A383N1  lOYdWi  M3ION-3.  Ad8VM3 


00 


Q 


CJ 


*1  If  M  A9N)N)  OVdWI  H5I0V  A  *dl!»M3 


SlItVNI  MllSVVdX) 

nsvMidv  MnijTMi  snp»8i)  iWdW 

811  INI  ADHM  OVdWI  HDiOV  AAdNVtO 


1)1 


TUT  T \\  ac*us  f 


-  Transverse  Charpy  V-Notch  lmpac*  lva!a  lor  Specimens  Austenitized  at  1640  F  tor  1/2  liout.  Isoiticnnally 
Treated  at  $75  F  for  152  Seconds  >  Water  Quenched  and  Tempered  at  II50F  for  i  Hour 


suwni  NoiSNYdxtivaiiyi 
lDNyHvtddv  lannvai  snoasu  iNnaid 
9t-n  ni  AoatN1  nvdwi  hdion-a  Adavio 


SUWNI  NOISNXdXI  lvallVl 

tDwaviddv  lannvai  snoasu  lNioaid 
si- uni  Aoaisi  nvdwi  hoiona  Adavio 


sham  NmsN*d'l lvanvl  SIiwni  NOiSNvdxlivanvl 

myarUdv  tannvai  snoa  'u  iNioaM  nyvavudv  laniovai  snoasu  iNioavi 

81  1 1  NI  AOalM  ny,IAI  M3...-.  A  AdHXMO  81  II  NI  AOSTO  IDXdWI  MDION-A  Ad8W 


\Y1 


TtST  TtAAFtSAtURE  IN  OtG°££S  f 


•a 

a* 


e 

o 

o 

r  i 

a 


3 


Sim  hi  Nomvdxi  iyihiyi 
DwaxUdY  iwniDvMj  snoHfliuNiomd 
SVHNI  AOlUNl  OYdWI  IIJlON  A  AdHYHO 


S1IWNI  NOISNYdXI  1YH31Y1 
JDNYHYMdY  mniDVHj  SOOHBH  lNttlUd 
BVU  Nl  AOHW3  HYdWI  MDICJ-A  AdHYH3 


'.IIWSI  MU  IVdXI  IyxIIYI 
UNYHYUdY  ItAilyXI  SnOHflll  linn VI 
SI  IIS'  lOnf.l  IlYdlM  MJIOS  A  MAY>0 


S1IW1I  NOISSYdXl  1VH1IY1 
JDYYVYUdY  lxnilVMI  S^ASI  ■  1N11HW 
m  il  Nl  A9A1N)  IDYdlV  Hl|0\  A  VdXYM;i 


an 


o 

c 

c 

o 

O 

r  i 

o 


S1IW  N1  NOIV»V<m  lvr'livl 
nwMWuv  i«nr)v>?<  snonHUiNDHM 
HI  II  W  V.Jfl  V«  I  ]  )Vr.M  ♦010*1  A 


SHWNI  NO!SNVdX3  lvMvl 
jD'iVHVlddV  IHOlDVhl  SnOHH'l  iSHrtld 

HI  liNI  HVdVM  H310N  A  ‘.rfAVWJ 


MlrtNI  SOI  *»SVfl*  I  'VrtllVl  ' 
HSv/ivlnv  <vm  'vf  » f  iMtmM 

«’<  1 1  SI  I'jilM  I  vsi  M)|0%  a  MHVH) 


S  ll.N  M  SOISSVdUl  lvniivi 

i.)svMv,‘dv  iinr.ivht  \f>0HfiuiNJ>vi 

81  MSI  **.)&?« U3VHWI  »OlOS  *  *,«>•*».? 


I 


sv* I*,  -  TI  w  v«  IS  DC  L. 


IttlRt.  (YPASiKAS.V  lAl  f  A  IAHRAI  tXPAHSlOS'VIlSI 

\fl3S0US  IRACTURi  ....  &  *H8ROU5  IRACTURt 

IStRCllft  l*!  110r  o  £><RCY  ‘fflBl 


siiwsi  soissYdxnYiniYi 

IDSYKYYldY  IHniDVXJ  £nO«8HiN]J81d 
81  JINI  AOalSl  JOYdlVI  HJJONA  AdllVIO 


••1111: SI  SOlYNYdXl  1Y811Y1 
YDSVHYlddV  IHfllDVHl  WH8IJ  1N3D8M 
Bill  SI  A981N3  OVdWI  MDIOS-A  AdHYVO 


S II  Af  S!  SOIVIVd*!  lYMIlYl 
i)'(Y»YHdY  lafiUYAl  moiRii  ismid 
81  JIM  'HIM  ijfiW  »1im  A  Ad8YH3 


JdSYdYWdY  lannvai  £no»»:i  jsjjald 

Il-IIM  A0«#<A  iDYdVSI  M3WVA  AdHYWJ 


5) 


r. 

‘A 


l-'iguio  D2  (Continued) 


SHAM  StOISMVdXl  SHAM  NOlSNYdX]  'YBl.Vi 

ONtnwid*  twiDvtii  snon8n  ttwmidv  ]*nr.i*M  snocfii)  iNDuid 

SI  H  hi  IDYJWI  HJIOS  A  Ad.HYHd  81  DM  M)8  M  IDSdWI  IOIOS  A  SdBY>0 


'l/,  Ni  SOK'iV.f*]  W«)lVl 
JWltkMV  lentil  ^Ck'»u^t  I  IN  DP  to 
«t  II  M  »0flM  l)Vd*l  MllON  f  ‘.IfYVO 


* 


Mu\  m  noi  %sv.i » 3  \vn)y\ 
nsvry  ktdt  )*nn*M  vOOtt'  H  islin'M 
m  ijm  omm  oy.:Ai  hjios  a  *,ii*v»o 


«* 


S1IWN!  HCIWVdXJ  1V8MS1 

JDNYHWidv  inniDvm  sno«en  inw&h 

81*  11  M  HVdVM  MD10N  A  M«VH1) 


•1  <«  n 


>:  vl  A'  i  *■  r1  >  W  v  >; 

\»A  M  SOls',v,|»J  WMj¥l 

!i«0|'Mfn»  < n%n»i »>• 
fii  uv  »'iiMi)r,nv  M)ifts  » 


!)7 


HST  TtM^RATU9t  IS  DtGKttS  f 


«  LL. 


*?  o 


II Vj  M  SOIVVM*]  v  ‘JllVl 
I  AV  v\j  ¥  WU3VH*  SnOHflH  INIDH}.! 
h)  il  .1  ‘  .fli'i!  IDfrfWI  M'JION  A  IdttVtQ 


SHWM  NOlSNVdXl  IVhllVl 
HWHVlddV  IHntDVM i  SnOhOIMNj.-'ftld 
81  1IM  AO&JNBJDfdW  A 


/  £ 
•  r. 

>  ^ 


P. 


a 


V'l'.’.Yr**!  »*  lj  V 1 

I  j‘.Y*V  lrt-.Y  )H'u  »YM  '.nortHI  MMjnM 
ft  JIN' 


S  H  .%  M  *<0)  ',SYd*  1  Mn  »iri 
r.»»i?mr  i*.iv  nnnvM  \»v>i»n  is  t  >,*>1 
H>  ilNl  a*)*  |SI  |  )VdVW  ■*, 


Its 


3 

C 


V-UV  M  NOl'NVd*]  lVHJlVl 

mvdtvjd v  innnvMj  sncafin  imdh  jd 

81  1IM  Vj:iM  HVdVM  M*)lOS  A  AdHV^O 


SII'A  M  SOI  >NVd XI  TVdllVl 
ONWUdV  1KH1DVHJ  SflOdfll J  INlDfcld 
01  1IM  A'JH  IN}  llYcW!  HTJOS  A  MMV'O 


MIA  M  V:l  >Sr.i  V )  lv;t  Uv i 
h’.v-rH  iT  i-  *i  ;y-f  '.f»0«r “J  P»n*to 
*1  JIM  i  1  I V ■ ! V*i I  A  | 


% II .V SI  NOlSNY.lM  lVHlltl 
nvr«tvuv  iwnnvHf  wmmi  isnMi.1 

81  MM  i'trt  M  nvdVM  MTJl'S  M*<¥M  ' 


!l!l 


mure  Do  (Commuc 


\ Hi-. \i  soi >  1  iv.iiivi  siivvsi  soissy.)<nvn!iyi 

liwniui  j«nt:>v« i  \no-ien  dsyiivimy  junnvm  snowi  imjijM 

8!  II  M  >■.)(! M  Oy.i.m  Mliil*.  1  I  81  li  M  A9DM  n»dWI  HJIOS  A  *■!«»“> 


Figure  DJI  (Continued) 


V  + 

>•  4>  v/' 


N  ?. 
S| 

il?£ 

3  K  3  £ 

O  /  A  id 


.  .  .  _  » _ I _ l  .--.J-  ..  u. — ■* - ** 

a  s  a"  e '  %  s  a  a  ft  2  0 

41IASI  NOIS’WJXIWimvl 
»NY»YlddY  Jofttivnl  100H8II  INJJHld 
#1  (1M  mw  lOYdWt  <OION  A ‘dAYM 


c\  ■  ti._ 


T  •* 

>  OO 


'3-  * 

/<  < 

«£  w 


5g  w  j, 

t»gg  . 

o  ^  ®  o 


A  IS 


.,lt _ i  .  .  .1. _ - L- _ 1. - i - J  S 

h  V  "a"e  «  a  «  a  b  2  «• 

41IWNI  NOlWdY)  lYHllYl 
)3VY«Yi<dY  wntjYm  snomn  lMDStd 
81  HM  AOMIN)  OVdWI  MDION  A  AdSYMD 


A  A  V '  t*  -A  >'  *  *  R 

%1;AM  SOl'.Wd»)lY*HYl 
I  I'tYlY  VMY  ("Aj^YAf  SHOdfM  1  iMIflld 
81  1 1  M  •OM  r. I  HYd«V  >OW‘  A  idAY'O 


101 


ISO  1C  -100  -«0  -X)  0  20  1 

m«  TtWPIRATUn  IN  tCGRlU  f 


l  imine  D4  -  Transverse  Charpy  V-Notch  Impact  Data  for  Specimens  Austenitized  at  1640  T  for  U2  Hour,  iwihertnally 
Treated  at  1200  F  for  3350  Seconds.  Water  Quenched  and  Tempered  at  1 150  f-  for  1  Hour 


SlIWNI  NOlWdXl  lVdllVI 
nSVXYlddY  l«nn»Mt  S00B8U  lNJOWld 
H  W  HYdlVt  M310N  A  AdHYMJ 


k 


=/§■ 

£  2 ; 


<  o  o 


-  * 

•  ? 
.  H 


3 


?. 

t't 


% 

s 


l _ 1 - 1  — 1. 

R  2  8  9 


_..i _ i. .. 

e  2 


9  8 


~~k~ 


S SI W  Nl  NOlSNYdX!  IY831Y1 
iDNYHWdY  wnnvei  sooBBu  lMiania 
11- UNI  A3ION]  nvdWI  MDIOS  A  A.d»V>0 


O' AM  'lOlVYYd't  1YMIY! 
»)**YxyH|Y  IyAHYAI  ',00x811  isnnu 
*1  ||  M  •  in  Ail  IlY.l/iP  1OI0S  A  MAY”  ! 


SIIVI  M  NOISSYd*)  lYSIlYl 
):iSY«YlMY  IXi'il  3YM I  WADI)  INtlMd 

et  i i  si  »3»m  oy,!>m  toms  a  mhym.i 


J()*J 


Figure  D4  (Continued) 


£ 

o  r» 

«r  ««r  - 

<  Of  «® 

a.  w-  — 

x  *- 

*§; 
•v  £  >-> 

Ooo 


3 

o 

a 

/ 

i 


S' 

* 

£ 


smvM  wisnvdxn-.b:;vi 
D'.vmi.iv  iwiiiyni  sno»aH  masm 
81  MM  <0»5N)  DVdlVI  MJJON  A  Ad)»Y>0 


V 


<-s? 

SB 


_  (V 

<3oo 


\ 


-1 —  i  „ 

s  g 


e  8  s 


hiivm  wi$NVd*nvmi 
mrmtdv  3Hnnv»;  sncwm  iatom 

81  M  M  AOMIN]  n*dVi I  M3|0MA  AdMyiO 


..P. 

r 

Js 

Is 


a 

i  “ 

is  s 

■— •  O  o 

a 

t  •  r 

4?  x 

z> 

§  3 

X 

0  i 

H?  s- 
.  ?? 

-  ?, 

■  S 
,§ 


,T/  t?  !> 

V  -  > 


n  *  v  *>  y  y  w  v  >; 

*  ’•  A  V  VM f,SVd  M  Trr  lit ! 
UMr-rlu*  IxnntiM  '.V'Mn  J%U)IK 
81  MM  « 'in r# » i  Jrd.'.t  >Oir>N  A  Ad*»wi 


s 

jfi 

8 

Ik 

j* 


M3 

-4  a 

■IP. 


i) 

\» 

if; 

-i>. 

I  * 

is 

j? 


»• 

> 


ion 


S*  •! 
«<  «» 

It  v» 


f  ^ 

<»  ffi 

i*  .'  ~ 


T 


J 

\ 


\ 


'  p  'i 


o 

t> 

..*1 

<j  o  a 

4...  1 

«  a 


8  8 


8  »  p. 

Sins  m  NOiSMrdxi  lvnim 

OVfBflidY  MnyMl  WU|8I! 

81  MM  A'.iMNi  nvdAI  MOION  A  mmcO 


is 

I 

is 

.  r 

fa 

— <  o  o 

•  X  :a 

,  / 

4% 

i  w  % 

1  •  ** 

!  V 

4  *i  }:. 


ia)r- 

*n#»Otf‘  fiuc:u«i  j  *  c«pavsiov;»'/i.<,)' 

£Vt»C"  ■  »?  iSi  ,,„L  °  '>'8*005  fPlCUlPf 

°  £vt»cvi n  [Ji 


siiivvi  noiw.jxj  lvmivi 
JJVmWdV  mnot!,)  <,nOH8HlV3D!f3d 

81  U  VI  ADWJNl  IDVdWI  H5I0V  A  AdSV'O 


ii*  vi  vmv»,i' l  i*Aijri 

iv.t •)*!•. it  i"'(n».n  vnomii  ivn»i,( 

8i  1 1  vi  *vc  m  nvd.viin.'ov  a  mavi  i 


5'l.VVI  NOI 5Vrd*l  Imliv! 

ttvmiMv  Jsr.s5»m 

(I  IIVI  AVltlVI  nv.llVI  M'llOS  A  MhVM-) 


101 


Figure  D4  (Continued) 


I 


VilWNI  NOlWdXllYiniYI  UIWNI  NOHNYdr-nVuriYI 

JDNYHYVldY  mniDYHI  snOMSU  1N1DKV*  iriYXYlddY  1XHDYH)  WH8U  tSIDXld 

SHJNI  AOXlNl  lOYdWI  tOlONA  AdXYHO  RVMNI  ADH3N]  IDYdWI  M0101A  AdBYMD 


VlIrtNI  NOUSYdO  lYX'lYl  S'lWSI  NOnVYdXllYXHYI 

I.V,»n»l»dY  l-iniJT.il  AnOAXII  IM3XM  OSYXYWdY  linnYXl  SnOtlWtlNJlltld 

»l  11  M  •  'Ill'll  tlvdv.'  •OKA  A  <«1YI'1  tl  1INI  AOlM  IlYdWI  >Olt'l*t  a  MXYM) 


inr* 


J 

c 


c 

o 

O 


S1IWSI  NClSSVd'O  IVBllYl 
•JSYDYlldY  IHMIYm  \nOMIUN13HVl 
BllJ  SI  AOtlW  OYdWI  M310S  A  AdWYHj 


SIIW  SI  NOl'i'lYd*)  lYMIYt 

n*<YA»W4Y  lunijYYi  sno«»r i  isdhvi 

»l  IISI  «')»M  l}Yd*l  HJIOS  A  AdltY'O 


l - 1 _ I - U  _ l _ 1 _ J _  J _ J _ 1 _ IS 

52§i?8e?i®**ssa- 


11IWSI  NOISSYdYl  3YB31V1 
3DNY«Y3HdY  3nniDYW3  SHOBBH  lS13H3d 
Bi  ll  SI  A3»3NlIDYdWI  MDIOS  AAdBYMJ 


■.1IWSI  SOISSYdYl  lYYllVl 
l'ASYMYVldY  lnr.lJYdl  SOO’ISH  IS33H3.I 
BV II  SI  A'JNWI  KlYdWI  H3I0S  A  AddYM3 


ion 


i  S31MX3  hi  3aflltelilv3i  1S3J 
i  Kill’'  (V  SI-  0*1-  081- 


Figure  L)4  (Continued) 


l ) 


‘  ‘  .  ijjjf 

■*»  v.  .v  v  y  W  &  p,  t> 

Ml.'.  M  V>l  /.v,^  1  IfjJivl 
»V.m\MV  |Mlj  t?M  SOOMHH  iMjIi'm 
‘i  1  U  Si  J  i  1 1<  hv*'  ) 


J  '  r  f  «i  v 


•»  »**  St  S' -l  ,Sv.«  •  \  lvf*  >ir  l 
I  »SV'Ti<  *r  l-  ’|  !¥  M  iSMnk* 

*!  it  St  *S*  r* !  J  »».<vV  •Mh*S  A 


107 


hcino  P>  Iransserse  (  harpy  \  Notch  Impact  Data  tor  Specimens  Austenitized  at  1640  f  for  1/2  Hour  Junhcrmallv 
Trcjrcd at  1200  F  for Seconds,  \V.uer  Quenched  and  Tempered  at  1150  F  for  !  flour 


'  :  1  *' I  VMsSfd*]  lVJjliV  1 

l.'Sv.-viM»  lionvoi  snonBH  isDula 

81  *1  SI  IllM  MHOS  A  A,|(*5MJ 


OIWSI  SOISSVdXl  lvtIO' 
lasvsriidr  iHfliavni  snosfin  isum,. 
ei  ii  si  achisi  iDvdivi  Mams  a 


-a 

a 

c 

c 

O 

U 

O 


z*, 


T 

i 


*10  0 

l  —  — I _ ....  *  _  t 

R  2  a  a 


S'iftM  M7ll>Wd>l  lvtillvl 
n'ormrud*  pmDVHi  \non9n  mould 
»1  UNI  AOd*)  DVdlVI  MJtOS  A  »d»tH3 


I 

•< 

a- 

t! 

> 

& 


£* 


SHWNI  HQISNVdKl  1VH1IV1 
JDWbVUdV  3«niDV«J  SnOWfiU  iNJDlOd 
81  JIM  AOUJMiDVdWl  Him  A  AdfcVM3 


\  ?t N»  V'»  *  I  ?y  ■*  j4  y  1 

tftr*vfc*.rf  t*';rvv^(  l%n*M 

“  1  f  I  '•"•Mi  >f.l  .*<>  M.tj't*  * 


?i; 


O  fj 


)R 

r 

48 

■1.3 

i 

<R 
— *  o 

-iR 

Jg 

.]» 

)? 

j* 


a  *  *  *?  *  y  w  «  *f 

"i* '<1  VMlN»dy)  lynliyi 
I)N*d*Mdy  litnnvM  Af>OA«l|  IVDdW 

«l  HM  >7(lMU*dlVI  M3|0S  !*  »dK»MJ 


I0»> 


Hume  1)5  ( Contmucii ) 


$ 


>  *»  A  M  V)l  *Nv.j  *  I  IVHllv  ' 
MM  *'tn  IM  i:)v«m«  mju)%  ,* 


■  I 

.«  / 


! 

1 


'1  nr,  >,1  v'i  ,sv,j *  1 

1  I'm  ,-"i  >Yi|  | , 

*  '  "  V  IM  1  "MAI  *« >!(>*,  >  I 


in 


i?a-v  !*>  Transveise  C  harpy  V-Notch  Impact  Data  for Specimens  rUtstenitized  at  2000  F  fot  j  Hour.  Transferred 
!640  i  tor  5  Minutes  Minimum.  Water  Quenched  and  Tempered  at  l  tOO  F  for  i  Hour 


smstdwnvifiiyi 
pton***  \fH>#8r/  JN?)#),/ 
*M* Sf  aOu Yi )  Ov.fvM  *O|0S  A 


j  snwK  si  rtnoiifaftii  assa 


9 


Sii«Ni  NCiiMyd*nyH?iyi 

nsymuy  HtniDyHi  snon8n  wmid 

81  UNI  *OH)Nn3ydy.l  HDION  A  *d«yiO 


■  i  t  - .  k  i  *.  •  -t-r.:,k  ,i - 1 _ _ _ J 5f 

y.  m  it  v.  v;  ■/<  y  w  9  >;  «  ®  • 


>iiy,si  Noi','iyrf»l  lymiyi 
myyrVtiiy  Iwinyut  WaimunDiiVi 
*i  ii  m  omM  nyrfiN!  *oi<r«  •  «d»y«) 


Lr  -  Transverse  Chatpv  V-Noleh  Impact  Data  for  Specimens  Austenitized  at  2000  F  for  1  Hour.  Transferred 
1  MO  F  for  5  Minutes  Minimum.  Isothermal!}’  Treated  at  875  F  far  1 600  Seconds, 

Water  Quenched  and  Tempered  at  1150  F  for  1  Hour 


o 

E 

c 


I 

I 

i 

i 

6 


£  *  x 


Sllv*  M  SOlSNy^X)  1VN11V1 

n*«¥ hvVj.^v  i*nnv«i 

81  II  M  i'jvdWI  »OION  A  AdrtVMj 


O 

tl, 


UH'  -.V 


:V’ 


-  K' 

<  > 

A"  »*•  •; 


"1*  (T  •)  *)\ 


rti)  »jSj 


•*,  y 


;  y; 
is# 
in 

•/i 

f** 

‘  o  .. 
<>:  « 

* «  S' 


.s 

I 


s 

•:*<r 


'. m  soi  .**¥.«•  i 

I  i*  *y  )•<•'}  iy-  (  '/'.OflfM  f  <»,  I  ')«,  h‘. 

1  ■  I  !  M  .«  I*»l  i  JY.f.V  *  4  ,OiM  l 


I  14 


[VPfRAT'j^  !S  OCCRUS  f 


APPENDIX  E 


TIME  TEMPERATURE  COOLING  CURVES  FOR  DROP  WEIGHT  SPECIMENS  WHEN 
TRANSFERRED  FROM  1S40  F  FURNACE  TO  MOLTEN  SALT  BATHS 
AT  EITHER  1200  F  OR  875  F 

INTRODUCTION 

!  '  ■ 

|  The  actual  time-temperature  history  was  desired  for  the  low-carbon  Ni-Cr-Mo  steel  (5/8  x  2  x  5  in.) 
drop  weight  impact  specimens  used  in  these  tests  when  they  were  transferred  from  a  high  temperature  salt 
bath  at  1640  F  to  a  salt  bath  at  either  1200  F  or  875  F.  In  order  to  determine  this  thermal  history  a  speci¬ 
men  was  instrumented  with  a  thermocouple  at  its  center  as  recommended  by  Sinnott  and  Shyne47  and  the 
time-temperature  history  of  the  specimen  and  the  bath  were  recorded  at  leas!  every  five  seconds  on  a  strip 
chart  recorder.  The  experimental  cooling  curve  is  compared  to  the  curve  calculated  using  the  method  of 
Sinnott  and  Sbync. 

SPECIMEN  PREPARATION 

A  0.087-inch  diameter  hole  was  drilled  from  one  end,  2  1/2  inches  deep  into  the  center  of  the  specimen. 
The  hole  was  countersunk  and  tapped  for  1/4  -28  threads  to  a  depth  of  3/8  inch.  A  7  inch  length  of  1/4 
inch  high  pressure  steel  tubing  was  screwed  tightly  into  the  hole.  An  insulated  28-gaugc  Chromcl-Alu.nel 
thermocouple  was  inserted  in  the  tube  and  forced  against  the  specimen  at  the  bottom  of  the  well.  Another 
thermocouple  was  positioned  in  the  low  temperature  salt  hath  adjacent  to  the  specimen.  Both  thermocouples 
were  attached  to  a  multichannel  recorder  to  alternately  record  the  temperatures  indicated  by  both  thermo¬ 
couples  The  specimen  was  sand  blasted  between  each  run  to  remove  all  scale  and  salt  and  return  it  to  a 
representative  condition. 

HEAT  TREATMENT 

The  specimen  was  suspended  vertically  in  a  high  temperature  salt  hath  and  allowed  to  come  to  1640  F. 

It  was  held  at  I M0  F  i 1 5  F  lor  30  minutes,  minimum.  The  ±15  F  hath  temperature  tolerance  was  used 
here  ami  (or  the  low  temperature  baths  because  it  represented  the  tolerance  of  the  commercial  temperature 
controller  used  in  this  test  as  opposed  to  the  closer  ±5  F  manual  control  used  for  the  actual  specimen  heat 
jreafmerifs  f  rom  4  to  5  inches  o!  the  thermocouple  lulling  was  kepi  below  the  surface  of  the  molten  salt 
|o  rnmtmi/V  heat  losses  from  the  tube. 

I  '  ; 

I  I  he  spe  mien  was  transferred  toon  the  li*40  F  hath  to  the  low  temperature  hath  within  one  or  two 
.<••  of*, ; I .  The  specimen  w  o  optem  bed  vertically  into  the  center  of  the  low  temperature  hath  and  mildly 
ju-rritn!  near  the  thermocouple  recording  the  hath  temperature.  Multiple  runs  were  made  to  allow  for 
Uu'.’if  v.tria*?.’>ns  in  the  hath  temperatures  between  runs. 
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RESULTS 

The  results  of  the  cooling  rale  studies  are  plotted  in  Figure  El  and  are  compared  to  the  salt-bath  cool¬ 
ing  rate  predicted  using  the  instantaneous  Him  coefficient  method  of  Sinnot  and  Shyne47  with  the  following 
parameters: 

Specimen  Area  0.200  sq  ft 

Specimen  Weight  1,7711b 

Mean  Specific  Heat,  C* 

1640  to  1200  F  0.127  BTU/lb/F 

1640  to  875  F  0.128  BTU/lb/F 

Table  El  is  a  listing  of  the  computer  program  used  to  predict  cooling  rates. 

The  variable  names  used  in  this  program  and  their  significance  are  given  below: 

ITB  Temperature  of  low  temperature  bath,  875,  900  or  1200  F. 

ITS  Initial  temperature  of  specimen,  1640  F 

HF  Instantaneous  film  coefficient  based  on  the  difference  between  the  average 

surface  temperature  of  the  specimen  and  the  bath  during  the  time  inter¬ 
val  THETA. 

QTH  Average  cooling  rate  in  BTU/sec  when  cooling  from  Ml  SI  to  MTS2. 

THETA  Time  to  cool  from  a  temperature  MTS1  to  MTS2,  seconds 

SUMTH  Total  elapsed  time  to  cool  from  ITS  to  MTS2,  seconds. 

*»•»««  *!„/«;,:  I*;Kur<f  El  indicates  reasonable  agreement  between  experimental  and  predicted 

cooling  rates.  The  low  bath  temperature  experiments  were  run  with  an  initial  hath  temperature  of  about 
000  !■’  rather  than  875  !•'  because  of  the  characteristics  of  the  commercial  salt  mix  that  was  available  in  the 
salt  hath  when  these  tc  .ts  were  run. 

The  data  show  that  it  takes  about  125  seconds  for  the  center  of  the  specimen  to  cool  from  1640  F  to 
1210  F  and  about  140  seconds  to  cool  from  1640  F  to  885  F  when  a  drop  weight  specimen  is  transferred 
to  a  1200  F  and  an  875  F  hath  respectively. 
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Figure  F.ln  -  Cooling  Rate  from  1640  F  to  1200  F 
(Average  Cp  =  0.127  BTU/lb/F) 
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Figure  FI  -  Comparison  of  Actual  Cooling  Rates  with  Computed 
Cooling  Rates  lor  the  Center  of  a  5/K  x  2  x  5  Inch 
Drop  Weight  Specimen 
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